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A b s t r a c t  

The p lasma r e s o n a n c e s  obse rved  by t h e  A l o u e t t e  I s a t e l l i t e  were a n a l y z e d  

i n  order  t o  d e t e r m i n e  ( a )  whether  t h e  f r e q u e n c i e s  of t h e  c y c l o t r o n  harmonic 

r e s o n a n c e s  f o l l o w  t h e  harmonic r e l a t i o n  fn=nf 

e x c i t a t i o n  r e g i o n ,  and ( c )  t h e  p h y s i c a l  n a t u r e  of  t h e  obse rved  phenomena. The 

method of a n a l y s i s  w a s  t o  a v e r a g e  t h e  d a t a  from numerous s a t e l l i t e  p a s s e s  

t h r o u g h  small r e g i o n s  of space  on m a g n e t i c a l l y  q u i e t  days .  The c y c l o t r o n  

harmonic  r e s o n a n t  f r e q u e n c i e s  were o b t a i n e d  from t h e  r e c e i v e r - o u t p u t  a m p l i t u d e  

vs.  t i m e  f o r m a t ,  r a t h e r  t h a n  from the  more c o n v e n t i o n a l  ionogram f o r m a t ,  and 

t h e  c o r r e s p o n d i n g  magnet ic  f i e l d  values were compared w i t h  a model f i e l d .  

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  on d a t a  f rom a l o w - l a t i t u d e  r e g i o n ,  where 

r e s o n a n c e s  a t  h i g h  harmonics  of f H  are more common, c l e a r l y  i n d i c a t e  t h a t  t h e  

r e s o n a n t  f r e q u e n c i e s  d e v i a t e  f rom the  above harmonic r e l a t i o n s h i p .  

decrease i n  t h e  p e r c e n t a g e  f r equency  s h i f t  i s  observed between n=4 and n=12 

w i t h  a p o s i t i v e  o f f s e t  between n=7 and n=8. ( T h i s  o f f s e t  i s  a t t r i b u t e d  t o  

t h e  r e c e i v i n g  a n t e n n a  b e i n g  immersed i n  t h e  r a r e f i e d  wake r e g i o n  of t h e  sa te l -  

l i t e . )  

( b )  t h e  s ize  of t h e  r e s o n a n t  
H ’  

A l i n e a r  

The maximum obse rved  r e l a t i v e  f r e q u e n c y  s h i f t  i s  -0.6 - + 0.1% between 

n=4 and  n=12. Magnet ic  con tamina t ion  i s  n o t  c o n s i d e r e d  t o  be t h e  

t h i s  n e g a t i v e  s h i f t .  The r e s o n a n t  f r e q u e n c i e s  are also s e n s i t i v e  

i n  t h e  e l e c t r o n  d e n s i t y  N ,  t h e  maximum obse rved  v a r i a t i o n  b e i n g  0 

f o r  t h e  n=3 r e s o n a n c e  i n  t h e  l o w  l a t i t u d e  d a t a  where t h e  v a l u e  of 

h y b r i d  f r e q u e n c y  crosses t h e  v a l u e  of 3 f H .  The r e l a t i v e l y  low va 

c a u s e  of 

t o  c h a n g e s  

4 - + 0.2% 

t h e  uppe r -  

u e s  of t h e  

d i f f e r e n c e  between t h e  f i e l d  based  on t h e  obse rved  r e s o n a n t  f r e q u e n c i e s  and 

t h e  model f i e l d  i n d i c a t e  a lack of s e r i o u s  magne t i c  c o n t a m i n a t i o n  from t h e  

s p r i n g  s tee l  A l o u e t t e  I a n t e n n a s  which i m p l i e s  t h a t  t h e  r e g i o n  of r e s o n a n t  



e x c i t a t i o n  i s  n o t  c o n f i n e d  t o  t h e  a n t e n n a  s h e a t h .  Also,  t h e  res t r ic ted  r e s o n a n t  

t i m e  d u r a t i o n s  imply  t ha t  t h i s  r e g i o n  d o e s  n o t  e x t e n d  beyond s e v e r a l  a n t e n n a  

l e n g t h s  f rom t h e  sa te l l i t e .  

and f T  ( u p p e r - h y b r i d  f r e q u e n c y )  are a t t r i b u t e d  t o  plasma waves, w i t h  t h e  g roup  

v e l o c i t y  V approx ima te ly  matched t o  t h e  s a t e l l i t e  v e l o c i t y  Vs, t r a v e l i n g  

p a r a l l e l  and  p e r p e n d i c u l a r  t o  t h e  magnet ic  f i e l d  B ,  r e s p e c t i v e l y .  (Large 

p e r i o d i c  ampl i tude  f l u c t u a t i o n s  are obse rved  d u r i n g  t h e  d e c a y  of t h e s e  r e s o n a n c e s  

when Y i s  approx ima te ly  p a r a l l e l  t o  v 1. 

are a l so  a t t r i b u t e d  t o  t h e  matching  of V The group v e l o c i t y  of t h e  

wave a s s o c i a t e d  w i t h  t h e  3fH r e s o n a n c e  a p p e a r s  t o  be d i r e c t e d  p r e d o m i n a t e l y  

p a r a l l e l  t o  B;  a p r e f e r r e d  p r o p a g a t i o n  d i r e c t i o n  c o u l d  n o t  be  e s t a b l i s h e d  f o r  

the r e s o n a n c e s  at fH and 2fH. 

p lasma waves of  n e a r l y  z e r o  g roup  v e l o c i t y  t h a t  f a i l  t o  s a t i s f y  t h e  above  match- 

i n g  c o n d i t i o n  ( n = 4  a p p e a r s  t o  be  a t r a n s i t i o n  case) .  

s h i f t s  i n  t h e  c r i t i c a l  r e g i o n  f T e  3fH and t h e  i n f e r r e d  p r o p a g a t i o n  d i r e c t i o n  

f o r  t h e  3 f H  r e sonance  i n d i c a t e s  t h a t  t h e  o f t e n - a p p l i e d  e l ec t ros t a t i c  a p p r o x i -  

ma t ion  t o  t h e  d i s p e r s i o n  e q u a t i o n  i s  n o t  v a l i d  i n  t h i s  case and t h a t  t h e  f u l l  

e l e c t r o m a g n e t i c  e q u a t i o n s  must be r e t a i n e d .  

k 

The r e s o n a n c e s  a t  f ( e l e c t r o n  p lasma f r e q u e n c y )  N 

-L A 

g 
--L 

4 

The r e s o n a n c e s  a t  f H y  2 f H y  and  3 f H  g g 
2 2 

t o  Vs. 
g 

The n f H  r e s o n a n c e s  w i t h  n 2 5 are a t t r i b u t e d  t o  

The obse rved  f r e q u e n c y  



I n t r o d u c t i o n  

Plasma r e s o n a n c e s  have  been t h e  s u b j e c t  of  c o n s i d e r a b l e  i n t e r e s t  

i n  t h e  f i e l d s  of plasma p h y s i c s  and g e o p h y s i c s  i n  r e c e n t  y e a r s .  

f i e l d  of  plasma p h y s i c s  most of  t h e  r e s e a r c h  h a s  been r e l a t e d  t o  e l e c t r o n  

and i o n  c y c l o t r o n  harmonic r a d i a t i o n  o b s e r v e d  i n  the rmonuc lea r  f u s i o n  

o r i e n t e d  e x p e r i m e n t s .  O t h e r  r e s e a r c h  h a s  been i n i t i a t e d  i n  an a t t e m p t  

I n  t h e  

t o  e x p l a i n  t h e  A l o u e t t e  I o b s e r v a t i o n s  of  a series of r e s o n a n c e s  e x c i t e d  

by a t r a n s m i t t i n g  a n t e n n a  immersed i n  a plasma (Crawford ,  1965; Crawford 

e t  a l . ,  1967) .  I n  t h e  f i e l d  o f  geophys ic s  a g r e a t  d e a l  of i n t e r e s t  i n  

plasma r e s o n a n c e s  c e n t e r s  around t h e i r  p o t e n t i a l  u s e  i n  e l e c t r o n  d e n s i t y  

and magne t i c  f i e l d  measurements from space  v e h i c l e s .  These measurements 

a re  reduced  t o  f r e q u e n c y  measurements s i n c e  f N  a N *  and fH 0: B where f N  

i s  t h e  e l e c t r o n  plasma f r e q u e n c y ,  N i s  t h e  e l e c t r o n  d e n s i t y ,  fH i s  t h e  

4 

e l e c t r o n  c y c l o t r o n  f r e q u e n c y ,  and B i s  the t o t a l  i n t e n s i t y  of t h e  magne t i c  

f i e l d .  

The plasma r e s o n a n c e s  obse rved  by t h e  Canadian sa te l l i t e  A l o u e t t e  I 

are a by-p roduc t  s i n c e  t h e  main purpose of  t h e  sa te l l i t e  was t o  o b t a i n  

sweep f r e q u e n c y  sounder  c o v e r s  a range of  0 . 5  t o  11.5 Mc/s e v e r y  18 

s e c o n d s ,  and t h e  r e s u l t i n g  d a t a  c a n  be a n a l y z e d  d i r e c t l y  i n  t h e  a m p l i t u d e  

v s .  t i m e  f o r m a t  o r  can  be c o n v e r t e d  t o  t h e  c o n v e n t i o n a l  ionogram f o r m a t  

( F i t z e n r e i t e r  and Blumle,  1964) .  T h e s e  r e s o n a n c e s  were f i r s t  obse rved  

by Lockwood ( 1 9 6 3 ) ;  t h e i r  i d e n t i f i c a t i o n  and e x p l a n a t i o n  were ex tended  

by C a l v e r t  and Goe (1963)  who were t h e  f i r s t  t o  i n t e r p r e t  them as plasma 

r e s o n a n c e s .  They are commonly observed a t  t h e  f r e q u e n c i e s  fN,  fH, 

ha rmon ics  of  fH,  f T ,  and i t s  second harmonic 2fT (see T a b l e  1 f o r  a n  
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e x p l a n a t i o n  of t h e  n o t a t i o n  commonly used  i n  t h i s  p a p e r ) .  

of  c y c l o t r o n  harmonic r e s o n a n c e s  r e c o r d e d  on a g i v e n  ionogram h a s  been 

obse rved  t o  be a maximum when t h e  r a d i a t i n g  a n t e n n a  i s  p a r a l l e l  t o  t h e  

e a r t h ' s  magnetic f i e l d  (Lockwood, 1965). 

The number 

The f o l l o w i n g  two q u e s t i o n s  must be  answered b e f o r e  t h e  o b s e r v a t i o n s  

of  plasma re sonances  can  be  r e l i a b l y  used  f o r  g e o p h y s i c a l  measurements:  

1. What i s  t h e  i n t e r a c t i o n  volume a s s o c i a t e d  w i t h  t h e  obse rved  

r e sonances?  

2 .  How c l o s e  do t h e  obse rved  c y c l o t r o n  harmonic r e s o n a n t  f r e q u e n c i e s  

f n  a g r e e  w i t h  t h e  harmonic l a w  f n  = nfH? 

The f i r s t  q u e s t i o n  i s  of impor t ance  i n  t h e  measurement of e l e c t r o n  

d e n s i t y  which i s  d i f f e r e n t  i n  t h e  s h e a t h  r e g i o n  s u r r o u n d i n g  t h e  s a t e l l i t e  

t h a n  i n  t h e  u n d i s t u r b e d  medium. Both q u e s t i o n s  must be  c o n s i d e r e d  i n  

t h e  d e s i g n  of a magnetometer based on t h e  obse rved  c y c l o t r o n  harmonic 

r e s o n a n c e s  s i n c e  h a r m o n i c - r e c o g n i t i o n  o f f e r s  a p o s s i b l e  method of d i s -  

t i n g u i s h i n g  t h e s e  r e s o n a n c e s  from t h e  o t h e r  plasma r e s o n a n c e s  , and t h e  

i n t e r a c t i o n  volume d e t e r m i n e s  t h e  e f f e c t  t h a t  a r e s i d u a l  s p a c e c r a f t  f i e l d  

w i l l  have on t h e  o b s e r v a t i o n s .  Such a magnetometer c o u l d  o f f e r  a method 

of measuring t h e  e a r t h ' s  magnet ic  f i e l d  from sa t e l l i t e s  w i t h o u t  employing 

t h e  long  booms t h a t  are c u r r e n t l y  used  t o  s e p a r a t e  t h e  magnetometer 

s e n s i n g  element  from t h e  main s p a c e c r a f t .  

v a l u e  i n  f u t u r e  s a t e l l i t e s  r e q u i r i n g  s e v e r a l  p a i r s  of  l ong  a n t e n n a s  f o r  

e l e c t r i c  f i e l d  e x p e r i m e n t s  similar t o  t h o s e  proposed by Aggson e t  a l . ,  

( 1967). 

T h i s  may b e  of p a r t i c u l a r  

e 
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T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  an a n a l y s i s  of t h e  obse rved  

A l o u e t t e  I plasma r e s o n a n c e s  which was conduc ted  t o  answer t h e  above 

two q u e s t i o n s  and t o  o b t a i n  i n f o r m a t i o n  on t h e  p h y s i c a l  n a t u r e  of t h e  

o b s e r v e d  phenomena. The method o f  a n a l y s i s  d i f f e r s  from ear l ier  work 

i n  t h a t  o n l y  d a t a  from m a g n e t i c a l l y  q u i e t  d a y s  i n  small s p a t i a l  r e g i o n s  

were c o n s i d e r e d  and t h e  a m p l i t u d e  vs.  t i m e  f o r m a t  was used  r a t h e r  t h a n  

t h e  ionogram f o r m a t .  

t h e p a r a m e t e r s  - namely, t h e  magnetic f i e l d  - from t h e  problem and t h u s  

a l l o w s  one  t o  conduc t  a somewhat c o n t r o l l e d  plasma p h y s i c s  expe r imen t  

i n  s p a c e .  The expanded f o r m a t  p r o v i d e s  more a c c u r a c y  and c o n f i d e n c e  of 

r e s o n a n c e  i d e n t i f i c a t i o n ;  b o t h  f o r m a t s  are i l l u s t r a t e d  i n  F i g u r e  1. 

T h i s  d a t a  s e l e c t i o n  t e c h n i q u e  e l i m i n a t e s  variationsinoneof 

Obse rva t ion  s 

S e l e c t i o n  of d a t a .  The s e l e c t i o n  of d a t a  f o r  t h e  p r e s e n t  i n v e s t i -  

g a t i o n  w a s  g r e a t l y  s i m p l i f i e d  by t h e  n a t u r e  o f  t h e  A l o u e t t e  I o r b i t .  

T h i s  n e a r l y  c i r c u l a r  p o l a r  o r b i t  made i t  f e a s i b l e  t o  o b s e r v e  many sat-  

e l l i t e  p a s s e s  thrni igh R chosen r eg ion  of i n t e r e s t .  F i v e  s m a l l  r e g i o n s  

w e r e  s e l e c t e d  f o r  t h e  p r e s e n t  a n a l y s i s ;  t h e  g e o g r a p h i c  c o o r d i n a t e s ,  

d i p o l e  l a t i t u d e  , and magnet ic  i n c l i n a t i o n  c o r r e s p o n d i n g  t o  t h e s e  r e g i o n s  

are g i v e n  i n  T a b l e  2 t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  t e l e m e t r y  r e c e i v i n g  

s t a t i o n s .  (The i d e n t i f i c a t i o n  of t h e  d a t a  i n  t h e  f i g u r e s  i s  by s t a t i o n  

c o d e  r a t h e r  t h a n  by r e g i o n  number.) The r e g i o n s  are i n d i c a t e d  on t h e  

map i n  F i g u r e  2 which a l s o  p r e s e n t s  c o n t o u r s  of t h e  t o t a l  i n t e n s i t y  of 

t h e  magne t i c  f i e l d  a t  t h e  A l o u e t t e  I a l t i t u d e  of  1000 km as computed 

from a s p h e r i c a l  harmonic r e p r e s e n t a t i o n  of t h e  e a r t h ' s  m a i n  f i e l d  

(J. C .  C a i n ,  p e r s o n a l  communication, 1967) .  
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The c r i t e r i a  used  f o r  s e l e c t i n g  t h e  r e g i o n s  were t h e  f o l l o w i n g :  

t h e  a v a i l a b i l i t y  of d a t a ,  t h e  f r e q u e n c y  r e s p o n s e  of  t h e  A l o u e t t e  I 

sounder ,  and t h e  o r i e n t a t i o n  of t h e  e a r t h ' s  magnet ic  f i e l d  v e c t o r  w i t h  

r e s p e c t  t o  t h e  s a t e l l i t e ' s  v e l o c i t y  v e c t o r .  Region 1 w a s  s e l e c t e d  f o r  

a p i l o t  s tudy  because  t h e  d a t a  f rom t h i s  r e g i o n  were r e a d i l y  a v a i l a b l e  

and t h e  r e s u l t s  c o u l d  be  compared w i t h  e x i s t i n g  r o c k e t  measurements  

ove r  Wallops I s l a n d ,  V i r g i n i a  of t h e  e a r t h ' s  magnet ic  f i e l d .  A l s o ,  t h e  

magnet ic  o b s e r v a t o r y  a t  F r e d e r i c k s b u r g ,  l o c a t e d  d i r e c t l y  below t h e  re-  

g i o n ,  provided  d a t a  u s e f u l  i n  s e l e c t i n g  q u i e t  days .  Regions  2 and 3 

were s e l e c t e d  because  t h e y  are l o c a t e d  n e a r  minimum and maximum v a l u e s  

of t h e  e a r t h ' s  magnet ic  f i e l d  ( and  f H ) ,  r e s p e c t i v e l y .  

r e g i o n  2 ,  where t h e  ave rage  v a l u e  of fH i s  0.479 Mc/s are s u i t a b l e  f o r  

o b s e r v i n g  t h e  h i g h e r  harmonics  of fH - t h e  v a l u e  of 12 f H ,  f o r  example,  

i s  5 .75  Mc/s which i s  s t i l l  w i t h i n  t h e  f r e q u e n c y  r e s p o n s e  of  t h e  sounder .  

The d a t a  from r e g i o n  3 ,  where t h e  a v e r a g e  v a l u e  of fH i s  1.072 Mc/s 

p r o v i d e s  t h e  b e s t  a v a i l a b l e  o p p o r t u n i t y  f o r  o b s e r v i n g  t h e  r e sonance  a t  

fH s i n c e  t h e  r e s p o n s e  of  t h e  sounder  d r o p s  r a p i d l y  f o r  f r e q u e n c i e s  below 

abou t  1.4 Mc/s (Molozz i ,  F i g .  8 ,  1963) .  Regions  4 and 5 were s e l e c t e d  

because  the  s a t e l l i t e ' s  v e l o c i t y  v e c t o r  and t h e  e a r t h ' s  magnet ic  f i e l d  

v e c t o r  were n e a r l y  p e r p e n d i c u l a r  and n e a r l y  p a r a l l e l ,  r e s p e c t i v e l y .  

These  c o n d i t i o n s  were i n v e s t i g a t e d  main ly  t o  d e t e r m i n e  t h e  p r e s e n c e  o r  

absence  of r e s o n a n c e s  , t h u s  t h e  more c o n v e n i e n t  ionogram f o r m a t  w a s  u sed  

r a t h e r  than t h e  ampl i tude  v s .  t i m e  f o r m a t .  

The d a t a  from 

The s i z e s  of  r e g i o n s  1, 2 ,  and 3 were r e s t r i c t e d  t o  a few hundred 

k i l o m e t e r s  on edge i n  o r d e r  t o  o b t a i n  a r e l i a b l e  r e f e r e n c e  f i e l d .  The 
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s i z e s  o f  r e g i o n s  4 and 5 were s i m i l a r l y  r e s t r i c t e d  i n  o r d e r  t o  s a t i s f y  

t h e  r e q u i r e d  p e r p e n d i c u l a r  and p a r a l l e l  c o n d i t i o n s .  I n  a l l  cases, t h e  

r e s t r i c t e d  areas p r o v i d e  n e a r l y  c o n s t a n t  n f H  f r e q u e n c i e s  i n  any  g i v e n  

r e g i o n  and a un i fo rm r e s p o n s e  c o u l d  be assumed f o r  t h e  A l o u e t t e  I 

sounder .  

Method of  a n a l y s i s .  A major  p o r t i o n  of t h e  a n a l y s i s  was c e n t e r e d  

on t h e  i n v e s t i g a t i o n  of t h e  harmonic r e l a t i o n  f n = n f H  as a p p l i e d  t o  t h e  

o b s e r v e d  c y c l o t r o n  harmonic r e sonances .  

s u r e d  f o r  e a c h  c y c l o t r o n  harmonic r e sonance  on e v e r y  ionogram of  i n t e r e s t ,  

where BR i s  t h e  magnet ic  f i e l d  deduced from t h e  f r e q u e n c y  of t h e  r e s o n a n c e  

and i s  t h e  computed f i e l d  based on t h e  GSFC(9/65) r e f e r e n c e  f i e l d  

( H e n d r i c k s  and C a i n ,  1966) .  ( I n  g e n e r a l ,  o n l y  one  ionogram p e r  p a s s  

w a s  c o n s i d e r e d  i n  any  g i v e n  r e g i o n . )  

shou ld  be c o n s t a n t  f o r  a l l  t h e  harmonics of fH i f  t h e y  f o l l o w  t h e  f n = n f H  

r e l a t i o n s h i p .  

The q u a n t i t y  %-Bc w a s  mea- 

The measured q u a n t i t y  BR-BC 

The f i e l d  BR w a s  determined from t h e  e x p r e s s i o n  

n = l ,  2 , 3 ,  ........ ( 1) 

T h i s  a n a l y s i s  i s  l i m i t e d  by t h e  accu racy  t o  which f n  can be d e t e r m i n e d  

s i n c e  each  1 k c / s  e r r o r  i n  f n  i n t r o d u c e s  an error of a p p r o x i m a t e l y  

( 3 6 / n ) y  i n  BR. 

There  are f i v e  main s o u r c e s  o f  e r r o r  t h a t  l i m i t  t h e  a c c u r a c y  of  t h e  

above p r o c e d u r e .  They are t h e  u n c e r t a i n t i e s  i n  t h e  f r e q u e n c y  marks,  

t h e  i n t e r p o l a t i o n  between f r e q u e n c y  marks,  t h e  s e l e c t i o n  of t h e  c e n t e r  

f r e q u e n c y  of t h e  r e s o n a n c e ,  t h e  o r b i t ,  and  t h e  magne t i c  a c t i v i t y .  These 

u n c e r t a i n t i e s  are d i s c u s s e d  below: 
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1 .  Frequency marks.  Frequency marks are p r e s e n t  on  t h e  t e l e m e t e r e d  

d a t a  a t  0 . 5 ,  1.5, 2 .5 ,  - - - -  11.5 Mc/s and a l s o  a t  2.0 and 7.0 

Mc/s. They a p p e a r  as heavy ve r t i ca l  l i n e s  on t h e  ionogram 

fo rma t  and as r e c t a n g u l a r  p u l s e s  on t h e  a m p l i t u d e  v s .  t i m e  f o r -  

mat ( F i g u r e  1). P r e - l a u n c h  tes ts  i n d i c a t e d  t h a t  t h e  same c o r -  

r e c t i o n  term of -221 k c / s  shou ld  b e  a p p l i e d  t o  each  of  t h e  12 

n o n - i n t e g e r  f r e q u e n c y  mark and a c o r r e c t i o n  t e r m  of  -824 k c / s  

t o  t h e  two i n t e g e r  f r e q u e n c y  marks (E.A.  Walker,  p r i v a t e  com- 

m u n i c a t i o n ,  1965) .  The lat ter f r e q u e n c y  marks were i n t e n d e d  

f o r  i d e n t i f i c a t i o n  r a t h e r  t h a n  f o r  measuring and t h u s  were n o t  

used i n  t h e  p r e s e n t  a n a l y s i s .  An a t t e m p t  w a s  made t o  check  t h e  

f r e q u e n c y  mark c o r r e c t i o n  t e r m  by o b s e r v i n g  t h e  WWV s t a n d a r d  

t i m e  s i g n a l  on 10.0 Mc/s as t r a n s m i t t e d  from G r e e n b e l t ,  Mary- 

land and r e c e i v e d  on t h e  A l o u e t t e  sounder  as i t  p a s s e d  ove rhead .  

A clear s i g n a l  was r e c o r d e d  on e l e v e n  o c c a s i o n s  and t h e  c o r -  

r e c t i o n  t e r m  f o r  t h e  n o n - i n t e g e r  f r e q u e n c y  marks w a s  e s t i m a t e d  

to  be -2+10 - k c / s ;  t h e  l a r g e  e r r o r  r e s u l t e d  from t h e  u n c e r t a i n t y  

i n  t h e  i n t e r p o l a t i o n  between t h e  f r e q u e n c y  marks which are n o t  

l i n e a r l y  spaced w i t h  r e s p e c t  t o  t i m e  as i s  e v i d e n t  from F i g u r e  

3 .  I n  s p i t e  o f  t h e  l i m i t a t i o n  of t h e  above t e s t ,  t h e  r e s u l t s  

i n d i c a t e  t h a t  t h e r e  i s  n o  r e a s o n  t o  assume t h a t  a f r e q u e n c y  

s h i f t  h a s  t a k e n  p l a c e  s i n c e  l a u n c h ;  h e n c e ,  t h e  p r e - l a u n c h  v a l u e s  

w i l l  be used  i n  t h i s  a n a l y s i s .  

2 .  I n t e r p o l a t i o n .  A 3 r d  d e g r e e  i n t e r p o l a t i o n  w a s  u sed  between 

Th5s p r o c e d u r e  w a s  c o n s i d e r e d  a c c u r a t e  t o  f r e q u e n c y  marks.  
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b e t t e r  t han  1 k c / s  excep t  i n  the  f r equency  range  above 5.5 

Mc/s where it i s  d i f f i c u l t  t o  i n t e r p o l a t e  w i t h  accu racy  

(see F i g .  3 ) .  

q u e n c i e s  below 1.5 Mc/s when t h e  0.5 Mc/s f requency  marker  

w a s  no t  p r e s e n t .  

A t h i r d  d e g r e e  e x t r a p o l a t i o n  was used f o r  f r e -  

3. S e l e c t i n g  t h e  c e n t e r  f requency .  The d e t e r m i n a t i o n  of  t h e  

c e n t e r  f r equency  f o r  any g i v e n  resonance  was a s s i s t e d  by 

measuring t h e  d u r a t i o n  of each  p u l s e  i n  t h e  r e s o n a n t  s e r i e s ,  

p a s s i n g  2nd and 3rd  d e g r e e  curves  th rough  t h e  v a l u e s  a d j a c e n t  

t o  t h e  peak v a l u e  t o  o b t a i n  estimates f o r  t h e  peak t ime ,  and 

t h e n  i n t e r p o l a t i n g  between t h e  f requency  marks t o  o b t a i n  t h e  

co r re spond ing  f r equency .  The r e s o n a n t  d u r a t i o n  i s  d e f i n e d  as 

t h e  t i m e  i n t e r v a l  between t h e  onse t  of  t h e  t r a n s m i t t e r  p u l s e  

and t h e  p o i n t  where t h e  r e s o n a n t  s i g n a l  has  decayed t o  t h e  

n o i s e  level p r i o r  t o  t h e  p u l s e d  d i s t u r b a n c e .  T h i s  q u a n t i t y  

cou ld  u s u a l l y  be  measured t o  a n  accu racy  o f  & 0.1  msec on  a l l  

r e sonance  e x c e p t  f o r  some of  the resonancec  a r s n r i  a t d  ~ . ~ i + h  

fN and f T  which o f t e n  d i s p l a y e d  l a r g e  ampl i tude  f l u c t u a t i o n s .  

The d u r a t i o n  of  each  r e s o n a n t  p u l s e  w a s  measured r a t h e r  t h a n  

i t s  a m p l i t u d e ,  s i n c e  ampl i tude  shaping  and l i m i t i n g  c i r c u i t s  

were employed i n  t h e  A l o u e t t e  I r e c e i v e r  (Molozzi ,  P .  432,  

1963).  

on t h e  n a t u r e  of t h e  d a t a  and v a r i e s  f rom a few k c / s  up t o  t h e  

f r equency  i n t e r v a l  between p u l s e s  - which varies from 15 t o  

20 k c / s  o v e r  t h e  f r equency  r ange  of  t h e  sounder .  

i n  t h e  d a t a ,  however, i n d i c a t e  t h a t  t h e  ave rage  e r r o r  w a s  

The u n c e r t a i n t y  involved  i n  t h e  above p rocedure  depends 

The s c a t t e r  
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approximately 5 4 kc/s  (see appendix). 

i n  the ionogram format,  the  corresponding e r r o r  i s  approximately 

I f  the  da ta  a r e  sca led  

- + 20 kc /s .  

- Orbit .  4 .  Errors  i n  the  determination of the  o r b i t  produce e f -  

f ec t ive  e r r o r s  i n  the ca lcu la ted  f i e l d  Bc. The pos i t i on  accuracy 

of the  Alouette I s a t e l l i t e  a t  any given time was taken a s  - + 4 km 

along i t s  o r b i t a l  path and 5 0.5 km i n  a l t i t u d e .  These pos i t i on  

e r r o r s  give r i s e  t o  e r r o r s  i n  BC of 16,  5 ,  and 1Oy i n  regions 

1, 2 ,  and 3 ,  r e spec t ive ly .  

au thor ' s  a t t e n t i o n  t h a t  the  pos i t i on  e r r o r s  may be a s  high a s  

- + 10 km i n  the hor izonta l  d i r e c t i o n  and 5 4 km i n  the v e r t i c a l  

d i r ec t ion  (J. W .  S i ry ,  personal communication, 1967); the  

corresponding e r r o r s  i n  Bc a r e  81, 28, and 70y i n  regions 1, 

2 ,  and 3 ,  r e spec t ive ly .  

[It has been r ecen t ly  ca l l ed  t o  the  

The r e l a t i v e l y  low s c a t t e r  of the  da ta  

points i n  the present  ana lys i s  (see appendix),  however, i nd ica t e  

t h a t  t he  former es t imates  may be more r e a l i s t i c . ]  

5 .  Magnetic a c t i v i t y .  The da ta  were r e s t r i c t e d  t o  per iods of low 

magnetic a c t i v i t y  i n  order  t h a t  BC would provide a cons i s t en t  

es t imate  of  the t r u e  f i e l d .  Only da ta  corresponding t o  t i m e  

i n t e r v a l s  wheb the  geomagnetic p lane tary  3-hr range index Kp 

and the  Fredericksburg 3-hr range index K F ~  were l e s s  

than  2 were c o n s i d e r e d .  I n  a d d i t i o n ,  f o r  t h e  

d a t a  f rom t h e  low l a t i t u d e  r e g i o n ,  i . e . ,  t h e  AGA-SNT d a t a  

of region 2 ,  the  hourly values  of the e q u a t o r i a l  Dst ( the  

average magnetic storm f i e l d  over a l l  longi tudes)  a s  given by 

Sugiura and Hendricks (1966) w e r e  r e s t r i c t e d  t o  absolu te  values  

. 
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less t h a n  20y and t h e s e  values were s u b t r a c t e d  from t h e  computed 

BC v a l u e s .  S i m i l a r  c o r r e c t i o n s  are n o t  a v a i l a b l e  f o r  t h e  so l a r  

q u i e t  day  v a r i a t i o n  f i e l d  Sq a t  t h e  s a t e l l i t e ' s  a l t i t u d e  of  

1000 km. The v a l u e  of t h i s  f i e l d  a t  t h i s  a l t i t u d e  i s  c o n s i d e r e d  

t o  be  of t h e  o r d e r  o f  1Oy (J. C .  C a i n ,  p e r s o n a l  communica t ion ,  

1967).  The above d a t a  r e s t r i c t i o n s  and c o r r e c t i o n s  p rov ided  

a r e l i a b l e  r e f e r e n c e  l e v e l  f o r  d e t e r m i n i n g  any  v a r i a t i o n s  i n  

t h e  measured f i e l d  as a f u n c t i o n  of  t h e  harmonic number n .  

Frequency  s h i f t  w i t h  n .  The r e s u l t s  of t h e  above d i f f e r e n c e  f i e l d ,  

i . e . ,  B R - ~ ,  a n a l y s i s  f o r  t h e  t h r e e  main r e g i o n s  u n d e r  i n v e s t i g a t i o n  

are  p r e s e n t e d  i n  F i g u r e  4a.  Each p o i n t ,  w i t h  i t s  a s s o c i a t e d  u n c e r t a i n t y ,  

r e p r e s e n t s  a we igh ted  average ( s e e  Appendix). A l i n e a r  s h i f t  i s  obse rved  

i n  t h e  v a l u e  of B R - Q  ( o r  i n  BR s i n c e  BC i s  mere ly  a r e f e r e n c e  leve l )  

w i t h  i n c r e a s i n g  harmonic number i n  t h e  l o w - l a t i t u d e  r e g i o n  (AGA-SNT), 

and t h i s  s h i f t  i s  o f f s e t  between t h e  7 t h  and 8 t h  harmonics .  T h i s  obse rved  

s h i f t  i n  BR i m p l i e s  a d e v i a t i o n  i n  t h e  r e s o n a n t  f r e q u e n c y  from t h e  h a r -  

between 4fH and 12fH.  

w i t h  2 f H  i s  s i g n i f i c a n t l y  h i g h e r  t han  t h e  r ema in ing  v a l u e s  when t h e  

p o i n t s  w i t h  l a r g e  u n c e r t a i n t i e s  p e r t a i n i n g  t o  s i n g l e  o b s e r v a t i o n s  are 

I n  t h e  two o t h e r  r e g i o n s  t h e  v a l u e  o f  BR a s s o c i a t e d  

i g n o r e d .  

I n  o r d e r  t o  d e t e r m i n e  whe the r  t h e  s h i f t  i n  BR w i t h  n obse rved  i n  

t h e  l o w - l a t i t u d e  d a t a  w a s  real  - and no t  c a u s e d  by a f a u l t y  c h o i c e  of 

t h e  f r e q u e n c y  mark c o r r e c t i o n  term - t h e  data  were p l o t t e d  f o r  a l l  

p o s s i b l e  v a l u e s  o f  t h i s  t e r m  i n  F igu re  5. The r e s u l t s  i n d i c a t e  t h a t  t h e  
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obse rved  s h i f t  i s  p r e s e n t  i n  t h e  d a t a  r a t h e r  t h a n  b e i n g  i n t r o d u c e d  

d u r i n g  t h e  p r o c e s s  of  a n a l y s i s .  

Frequency s h i f t  w i t h  N. The above d a t a  were r e s t r i c t e d  i n t o  g r o u p s  

w i t h  h i g h  and low e l e c t r o n  d e n s i t y  and t h e  r e s u l t s  are p r e s e n t e d  i n  

F i g u r e  4b ( e x c e p t  f o r  t h e  BPO s t a t i o n  where t h e  a v a i l a b l e  d a t a  were 

l i m i t e d ) .  T h i s  d a t a  d i v i s i o n  w a s  p o s s i b l e  b e c a u s e  t h e  d a t a ,  which were 

c o l l e c t e d  o v e r  a t i m e  i n t e r v a l  of  t h e  o r d e r  of  one y e a r  (most  d a t a  

p o i n t s  being r eco rded  d u r i n g  19631, were f a i r l y  w e l l  d i s t r i b u t e d  i n  l o c a l  

t i m e  ( F i g u r e  6) which caused  a c o n s i d e r a b l e  v a r i a t i o n  i n  e l e c t r o n  d e n s i t y  

as can  be seen from an i n s p e c t i o n  of F i g u r e  7 where t h e  d i s t r i b u t i o n  of 

t h e  plasma f r e q u e n c y  i n  l o c a l  t i m e  i s  p r e s e n t e d .  Also p r e s e n t e d  i n  

t h i s  f i g u r e  i s  t h e  d i s t r i b u t i o n  of  t h e  upper  h y b r i d  f r e q u e n c y  i n  l o c a l  

2 t i m e .  The e l e c t r o n  d e n s i t y  ( N  a fN ) i s  o b s e r v e d  t o  v a r y  by a f a c t o r  

of 3 i n  t h e  l o w - l a t i t u d e  d a t a  (AGA-SNT) and by as much as a f a c t o r  of  

30 i n  t h e  h i g h - l a t i t u d e  d a t a  (GFO); t h e  c o r r e s p o n d i n g  v a r i a t i o n s  i n  t h e  

uppe r  hybr id  f r e q u e n c y  are 1.6 and 1 . 4 ,  r e s p e c t i v e l y .  The v a l u e  of 

t h e  u p p e r  h y b r i d  f r e q u e n c y ,  w i t h  r e s p e c t  t o  t h e  c y c l o t r o n  harmonic f r e -  

q u e n c i e s ,  i s  of ma jo r  i m p o r t a n c e  i n  d i s p e r s i o n  t h e o r y  ( see Theory 

S e c t i o n ) .  The r e l a t i v e  p o s i t i o n s  of t h e s e  f r e q u e n c i e s  are  i l l u s t r a t e d  

i n  F i g u r e  8. 

I n  F igu re  4b a d e f i n i t e  f r e q u e n c y  s h i f t  i s  obse rved  w i t h  a change 

I n  t h e  l o w - l a t i t u d e  d a t a  t h e  obse rved  f r e -  i n  t h e  e l e c t r o n  d e n s i t y  N .  

quency s h i f t  i s  p o s i t i v e  and l a r g e s t  (+0 .4  2 0.2%) f o r  3 f H ,  b u t  neg- 

a t i v e  and of t h e  o r d e r  o f  - 0 . 2  2 0.1% f o r  4 ,  5 ,  and 6 f ~  c o r r e s p o n d i n g  

t o  an i n c r e a s e  o f  a p p r o x i m a t e l y  a f a c t o r  o f  2 i n  N. The r e s o n a n c e s  

n = 7 and n = 8 seem to  r e p r e s e n t  a t r a n s i t i o n  between low and h igh  
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. 
harmonics .  I n  b o t h  cases t h e y  a g r e e  w i t h  t h e  lower ha rmon ics  when N 

i s  low. When N i s  h i g h ,  however, t h e  r e s o n a n c e  a t  n = 7 h a s  un ique  

p r o p e r t i e s  i n  t h a t  i t  a g r e e s  v e r y  we l l  w i t h  t h e  o t h e r  h i g h  N r e s o n a n c e s  

( w i t h  n <  7)  o n l y  i f  t h e  maximum observed r e s o n a n c e ,  nmax, r e c o r d e d  

on t h e  same ionogram s a t i s f i e s  t h e  c o n d i t i o n  nmax 2 9.  

t h e  n = 7 r e s o n a n c e s  f o r  h i g h  N are s h i f t e d  t o  h i g h e r  f r e q u e n c i e s .  

A l l  o f  t h e  r e s o n a n c e s  ( h i g h  and low N) f o r  n = 8 were o b s e r v e d  when 

nmax 5 9 ;  

and t h e  low N v a l u e s  a g r e e  v e r y  w e l l  w i t h  t h e  lower ha rmon ics .  The re- 

s o n a n c e s  f o r  n 2 9 were a l l  ave raged  t o g e t h e r  because  of  t h e  l i m i t e d  

d a t a  a v a i l a b l e  f o r  t h e s e  r e s o n a n c e s ; a l s o ,  t h e  t h r e e  v a l u e s  from t h e  

low N g roup  ( 2  v a l u e s  f o r  n = 9 and one v a l u e  f o r  n = 10) were con-  

s i s t e n t  w i t h  t h e  r ema in ing  14 v a l u e s  from t h e  h i g h  N g roup .  The re- 

sonance a t  n = 2 i s  t h e  o n l y  ma jo r  nfH r e s o n a n c e  o b s e r v e d  t o  be i n d e -  

penden t  of N i n  t h e  l o w - l a t i t u d e  d a t a  r e g i o n ,  whereas  i t  i s  t h e  o n l y  

n fH  r e s o n a n c e  o b s e r v e d  t o  be dependent on N i n  t h e  h i g h - l a t i t u d e  d a t a  

r e g i o n .  Local  c o n d i t i o n s  were c o n s i d e r a b l v  d i f f e r e n t  i n  +hpCe  +v- czc2z  

i n  t h a t  f T  > 2fH f o r  a l l  v a l u e s  of  N i n  t h e  former b u t  f T  < 2 f ~  f o r  a l l  

v a l u e s  of  N i n  t h e  la t ter  ( F i g u r e  8 ) .  The s h i f t  i n  t h e  n = 2 re sonance  

i n  t h e  h i g h - l a t i t u d e  d a t a  i s  similar t o  t h e  s h i f t  i n  t h e  n = 3 r e s o n a n c e  

i n  t h e  l o w - l a t i t u d e  d a t a ,  i . e . ,  i t  i s  p o s i t i v e  ( + . 1 9  - + .06%) f o r  a 

s h i f t  f rom low t o  h i g h  e l e c t r o n  d e n s i t y  ( a n  i n c r e a s e  of a p p r o x i m a t e l y  

a f a c t o r  of 8 i n  t h i s  c a s e ) .  

When nmax < 9 

t h e  h i g h  N v a l u e s  a g r e e  very w e l l  w i t h  t h e  h i g h e r  ha rmon ics  

Frequency of o c c u r r e n c e  and d u r a t i o n s .  The f r e q u e n c y  of o c c u r r e n c e  

o f  a g i v e n  nfH r e s o n a n c e  i n  each  r e g i o n ,  and t h e  t i m e  d u r a t i o n s  of  t h e  
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nfH r e s o n a n c e s  i n  each  r e g i o n  are p r e s e n t e d  i n  F i g u r e s  9 and  10 r e s p e c -  

t i v e l y .  The t r a n s i t i o n  f r e q u e n c y  of 4.7 Mc/s, which marks t h e  a p p r o x i -  

mate f r equency  r e g i o n  of t h e  change -ove r  from t h e  domain of t h e  long  

a n t e n n a  t o  t h e  domain of t h e  s h o r t  a n t e n n a ,  i s  i n d i c a t e d  on b o t h  f i g u r e s .  

T h e r e  are two f a c t o r s  t h a t  c a n  i n f l u e n c e  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  

above  f i g u r e s .  F i r s t ,  t h e  number o f  r e s o n a n c e s  obse rved  i s  somewhat 

dependen t  on i o n o s p h e r i c  c o n d i t i o n s  s i n c e  t h e  r e c e i v e r  can  be desen -  

s i t i z e d  by i n t e r f e r e n c e  from ground t r a n s m i t t e r s ;  t h i s  c o n d i t i o n ,  i n  

g e n e r a l ,  p r e v e n t s  t h e  o b s e r v a t i o n  of c y c l o t r o n  harmonic r e s o n a n c e s  a t  

f r e q u e n c i e s  g r e a t e r  t h a n  f m a x  - t h e  c r i t i c a l  f r e q u e n c y  o f  t h e  F l a y e r  

(Lockwood, 1965) .  An i n d i c a t i o n  of  t h e  i m p o r t a n c e  of  t h i s  e f f e c t  on 

t h e  r e l a t i v e  number of c y c l o t r o n  harmonic r e s o n a n c e s  obse rved  ( F i g u r e  

9)  c a n  be o b t a i n e d  from t h e  a v e r a g e  v a l u e  of  t h e  q u a n t i t y  fmax-(nfHImax. 

T h i s  q u a n t i t y ,  e x p r e s s e d  i n  u n i t s  of  f H y  r e p r e s e n t s  t h e  average number 

o f  a d d i t i o n a l  c y c l o t r o n  harmonic r e s o n a n c e s  t h a t  c o u l d  have  been ob- 

s e r v e d  wi th  f < f,,, and i s  p r e s e n t e d ,  t o g e t h e r  w i t h  f H ,  f o r  e a c h  

r e g i o n  i n  Table 3 .  

were n o t  a ma jo r  factor  i n  l i m i t i n g  t h e  number o f  h i g h e r  ha rmon ics  ob- 

s e r v e d .  Second,  s t r o n g  r e s o n a n c e s  o f t e n  o v e r l a p  making r e s o l u t i o n  

i m p o s s i b l e  - i n  such  cases n e i t h e r  r e s o n a n c e  i s  i n c l u d e d  i n  t h e  d a t a .  

The c y c l o t r o n  harmonic r e s o n a n c e s  are f ree  from t h i s  c o n t a m i n a t i o n  

e f f e c t  when n 2 2 f o r  t h e  data from t h e  mid and h i g h - l a t i t u d e  r e g i o n s  

and when n 2 4 f o r  t h e  d a t a  from t h e  l o w - l a t i t u d e  r e g i o n s .  The ob-  

s e r v a t i o n a l  c o n d i t i o n s  f o r  o v e r l a p  are summarized i n  T a b l e  4. 

- 

- 

The v a l u e s  i n d i c a t e  t h a t  i o n o s p h e r i c  c o n d i t i o n s  
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The h i g h  f r e q u e n c y  of  occur rence  and long  d u r a t i o n s  of  t h e  nfH 

r e s o n a n c e s  obse rved  i n  t h e  r e g i o n  where t h e  sa te l l i t e  motion i s  a p p r o x i -  

m a t e l y  p a r a l l e l  t o  t h e  d i r e c t i o n  of  t h e  e a r t h ' s  magnet ic  f i e l d  ( Q U I  

d a t a  o f  F i g u r e s  9 and 10) s u g g e s t  a p o s s i b l e  dependence o f  r e s o n a n c e  

d u r a t i o n  on t h e  a n g l e  $ between t h e  s a t e l l i t e  v e l o c i t y  v e c t o r  Vs and 

t h e  e a r t h ' s  magne t i c  f i e l d  v e c t o r  B. T h i s  dependence i s  e v i d e n t  i n  

F i g u r e  11 where t h e  maximum v a l u e  f o r  t h e  d u r a t i o n  uf a g i v e n  r e sonance  

i s  p l o t t e d  a g a i n s t  c o s  B ;  i t  i n c r e a s e s  w i t h  i n c r e a s i n g  cos $ f o r  fN and 

n f H  w i t h  n 2 3 b u t  d e c r e a s e s  for  fT .  

mum d u r a t i o n )  f o r  f T  o c c u r s  when c o s  $=1 and i s  e q u i v a l e n t  t o  t h e  

c r i t i c a l  t i m e  TL (see T a b l e  1 ) .  The r e s o n a n c e  a t  2 f ~  a p p e a r s  t o  b e  a 

s p e c i a l  case i n  t h a t  i t  i s  more d i f f i c u l t  t o  e s t a b l i s h  a d e f i n i t e  

t r e n d .  

on any one of  t h e  47 ionograms from r e g i o n  4 (RES d a t a )  where c o s  B, 0. 

I n  s e v e r a l  cases t h e  c a l c u l a t e d  value f o r  fN w a s  g r e a t e r  t h a n  t h e  

o b s e r v e d  f, e x i t  f r e q u e n c y  and t h e r e  were no o t h e r  r e s o n a n c e s  obse rved  

A 

The minimum v a l u e  ( o f  t h i s  maxi- 

The e l e c t r o n  plasma re sonance  fN w a s  n o t  d e f i n i t e l y  i d e n t i f i e d  

i n  t h e  v i c i n i t y  tn  nhsciire t h e  i d e n t i f i c n t i n n  o f  f;; - yet  i t  w a s  n n t  

o b s e r v e d .  The l a c k  of o b s e r v a t i o n s  of t h e  r e s o n a n c e  a t  f H  i n  t h e  low- 

* l a t i t u d e  d a t a  i s  caused  by i n s t r u m e n t a l  l i m i t a t i o n s .  The obse rved  

t r e n d s  f o r  t h e  r e s o n a n c e s  at 2fH, 3 f H ,  e t c . ,  are real ,  however,  s i n c e  

i n s t r u m e n t a l  e f f e c t s  would produce t h e  o p p o s i t e  t r e n d s .  

The d u r a t i o n  of each  r e s o n a n c e  i s  p l o t t e d  a g a i n s t  t h e  r a t i o  fN/fH 

i n  F i g u r e  12. The t h e o r e t i c a l  c u r v e s  f o r  t h e  r e l a t i v e  d u r a t i o n  of  a 

g i v e n  r e sonance  as computed from t h e  e lec t ros ta t ic  approx ima t ion  by 

F e j e r  and C a l v e r t  ( F i g u r e  4 ,  1964) a r e  p r e s e n t e d  f o r  comparison w i t h  

t h e  o b s e r v e d  d a t a  p o i n t s .  The v e r t i c a l  a d j u s t m e n t  o f  t h e s e  c u r v e s  i s  
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a r b i t r a r y ;  t h e y  are p r e s e n t e d  as g i v e n  by F e j e r  and Calvert ,  i . e . ,  i n  

agreement  with t he i r  o b s e r v a t i o n s  (which  are n o t  reproduced  h e r e ) .  

d a t a  p o i n t s  p r e s e n t e d  i n  F i g u r e  12 r e p r e s e n t  i n d i v i d u a l  measurements - 

n o t  a v e r a g e s  - and i t  shou ld  b e  k e p t  i n  mind t h a t  t h e r e  i s  a c o n s i d e r a b l e  

v a r i a t i o n  i n  t h e  d u r a t i o n  v a l u e s  ( a b o u t  50% around  t h e  mean) as a 

f u n c t i o n  of s a t e l l i t e  s p i n .  T h e r e  i s  f a i r  agreement  between t h e  p r e s e n t  

o b s e r v a t i o n s  and t h e  e lec t ros ta t ic  approx ima t ion  f o r  t h e  r e s o n a n c e s  a t  

fH ,  3fH,  a n d  4fH; t h e  agreement  i s  u n c e r t a i n  f o r  t h e  r e s o n a n c e s  a t  fN 

and f T  and i t  i s  p o o r e s t  f o r  t h e  r e s o n a n c e  a t  2 f H .  

The 

O v e r - a l l  s t r u c t u r e  o f  r e sonances .  The s c a l i n g  p rocedure  employed 

t o  de t e rmine  t h e  c e n t e r  f r e q u e n c y  of e a c h  r e s o n a n c e ,  as o u t l i n e d  on p.  7 ,  

p roduced  d a t a  t h a t  were r e a d i l y  a d a p t a b l e  t o  a computer  p l o t  r o u t i n e .  

A t y p i c a l  resonance  i s  composed of  a p p r o x i m a t e l y  10 p u l s e s  of t h e  form 

shown i n  t h e  lower f o r m a t  o f  F i g u r e  1 and t h e  d u r a t i o n  of  e a c h  p u l s e  i s  

p l o t t e d  a g a i n s t  f r e q u e n c y  i n  F i g u r e  13a. The peak  d u r a t i o n  and c e n t e r  

f r e q u e n c y  f o r  each  r e sonance  ( i n  t h i s  case a ser ies  o f  10 p u l s e s )  i s  

o b t a i n e d  by p a s s i n g  a 3 r d  d e g r e e  c u r v e  t h r o u g h  t h e  p o i n t s  i n  t h e  v i c i n i t y  

of  t h e  p o i n t  of  maximum d u r a t i o n .  I n  F i g u r e  13a t h e  peak  d u r a t i o n  i s  

g i v e n  as 1.39 x lo4 c y c l e s ' o r  7 . 1  msec f o r  a f r e q u e n c y  of  1.95 Mcls. 

The example of t h i s  f i g u r e ,  which i s  t y p i c a l ,  i l l u s t r a t e s  t h a t  t h e  shape  

o f  t h e  cu rve  c a n n o t  be de te rmined  from one  r e s o n a n c e  a l o n e ,  because  t h e  

b u i l d - u p  and d e c l i n e  a round t h e  maximum i s  o f t e n  n o t  un i ro rm.  For  t h i s  

r e a s o n ,  a l l  t h e  o b s e r v a t i o n s  of a g i v e n  r e s o n a n c e  from a g i v e n  s t a t i o n  

were p l o t t e d  t o g e t h e r  u s i n g  t h e  f o l l o w i n g  n o r m a l i z i n g  t e c h n i q u e :  The 

d u r a t i o n  of e a c h  r e s o n a n t  p u l s e  w a s  no rma l i zed  so t h a t  t h e  p e a k - d u r a t i o n  
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f o r  each r e s o n a n t  c u r v e  (composed of a b o u t  10 r e s o n a n t  p u l s e s )  w a s  

e q u a l  t o  t h e  a v e r a g e  p e a k - d u r a t i o n  of a l l  t h e  r e s o n a n t  c u r v e s ;  t h e  

f r e q u e n c y  c o r r e s p o n d i n g  t o  t h e  peak-dura t ion  f o r  each  r e s o n a n t  c u r v e  

w a s  t a k e n  as t h e  zero f r e q u e n c y  p o i n t  f o r  t h a t  c u r v e .  The n o r m a l i z a t i o n  

i n  d u r a t i o n  e l i m i n a t e d  t h e  c o n s i d e r a b l e  v a r i a t i o n  i n  p e a k - d u r a t i o n  

I .  

I .  

r e s u l t i n g  from s a t e l l i t e  s p i n ;  t h e  n o r m a l i z a t i o n  i n  f r e q u e n c y  ( a  

s l i g h t  l i n e a r  s h i f t  of t h e  i n d i v i d u a l  p o i n t s )  e l i m i n a t e d  t h e  a l r e a d y  

small v a r i a t i o n  i n  c e n t e r  f r e q u e n c y  € o r  a g i v e n  se t  o f  o b s e r v a t i o n s  

of  t h e  same c y c l o t r o n  harmonic resonance .  The no rma l i zed  v a l u e s  are 

p r e s e n t e d  i n  F i g u r e  13b- i .  I n  F i g u r e  13b and d t h e  a v a i l a b l e  o b s e r -  

v a t i o n s  of t h e  2fH r e s o n a n c e  from two d i f f e r e n t  d a t a  r e g i o n s  are p r e -  

s e n t e d .  The t endency  f o r  t h e  d e c l i n e  from t h e  maximum t o  be s l i g h t l y  

s t e e p e r  t h a n  t h e  b u i l d - u p  i s  e v i d e n t  i n  t h e s e  f i g u r e s  as i s  a l s o  sug-  

g e s t e d  from t h e  s i n g l e  o b s e r v a t i o n  p resen ted  i n  F i g u r e  13a. T h i s  

t endency  i s  a p p a r e n t  on many o f  t h e  r e sonances  when t h e y  are examined 

i n  t h e  a m p l i t u d e - t i m e  f o r m a t  ( e . g . ,  see t h e  f N  r e sonance  of F i g u r e  1) 

a b  ~ t 3 p u ~ L e d  r a ~ i i e r  Ly Earr i i igLio i i  a i i l ;  E e ~ z L e ~ g  <iruui. i i i  ~ L L  ~ i i e  ex- 
-,,. . -  .. 

amples  p r e s e n t e d  i n  F i g u r e  13 most of t h e  p o i n t s  f a l l  w i t h i n  2 100 k c / s  

of  t h e  c e n t e r  f r e q u e n c y .  The p o i n t s  o u t s i d e  t h i s  r a n g e  t h a t  a p p e a r  i n  

t h e  fH r e s o n a n c e  from t h e  GFO data and t h e  3 f H  r e s o n a n c e  from t h e  

AGA-SNT data i n  F i g u r e s  13c and e ,  r e s p e c t i v e l y ,  r e s u l t e d  from t h e  

o v e r l a p p i n g  of t h e  above r e s o n a n c e s  wi th  t h e  f T  r e s o n a n c e  (see T a b l e  4 

and F i g u r e  8 ) .  T h i s  o v e r l a p p i n g  con tamina t ion  of t h e  3fH r e s o n a n c e  i s  

n o t  p r e s e n t  i n  F i g u r e  13f where o n l y  s e l e c t e d  r e s o n a n c e s  are c o n s i d e r e d .  

The r e s o n a n c e s  4fH, 5fH,  and  6 f ~  are  p r e s e n t e d  i n  F i g u r e s  13g ,  h ,  and i ,  
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r e s p e c t i v e l y .  

a s s o c i a t e d  w i t h  t h e  h i g h e r  ha rmon ics  are also w e l l  w i t h i n  - + 100 k c / s  

o f  t h e  c e n t e r  f r e q u e n c y .  

The f r e q u e n c i e s  o f  t h e  i n d i v i d u a l  r e s o n a n t  p u l s e s  

F i n e  s t r u c t u r e  of  r e s o n a n c e s .  An example of f i n e  s t r u c t u r e  i n  a 

r e sonance  a t  a h i g h  harmonic of f H  i s  p r e s e n t e d  i n  F i g u r e  14. 

r e s o n a n c e  i n  t h i s  example shows a d o u b l e  peak  s t r u c t u r e  on  t h e  ionogram 

f o r m a t  and i s  r e s o l v e d  i n t o  t h r e e  i n d i v i d u a l  p u l s e s  i n  t h e  ampl i tude -  

t i m e  format .  The r e s o n a n t  r a d i a t i o n  r e c e i v e d  on  t h e  c e n t e r  p u l s e  i s  

of lower ampl i tude  and s h o r t e r  d u r a t i o n  t h a n  t h e  o u t s i d e  p u l s e s  and 

g i v e s  r i se  t o  t h e  c e n t r a l  g a p  i n  t h e  ionogram p r e s e n t a t i o n .  

The 9fH 

A decaying  s i g n a l  of s h o r t  d u r a t i o n  i s  o f t e n  obse rved  a t  f x ,  t h e  

e x i t  f r equency  f o r  t h e  e x t r a o r d i n a r y  wave, on t h e  a m p l i t u d e - t i m e  f o r -  

m a t  b u t  i s  n o t  o b v i o u s  on t h e  ionogram format where i t  a p p e a r s  as p a r t  

of t h e  e x t r a o r d i n a r y  wave r e f l e c t i o n  trace.  The r e c o r d  p r e s e n t e d  i n  

F i g u r e  l i s  a good example of t h i s  c o n d i t i o n ,  and t h e  last  t h r e e  p u l s e s  

f rom t h e  f x  a m p l i t u d e - t i m e  trace o f  t h i s  f i g u r e  are e n l a r g e d  and p r e -  

s e n t e d  i n  F i g u r e  15 i n  o r d e r  t o  c l e a r l y  show t h e  p r o g r e s s i v e  s e p a r a t i o n  

of t h e  p u l s e  i n t o  t w o  components ,  i . e . ,  a d e c a y i n g  s i g n a l  and an echo-  

r e t u r n  wi th  i n c r e a s i n g  t i m e  d e l a y  on e a c h  s u c c e e d i n g  p u l s e .  The d e c a y i n g  

s i g n a l  has  t h e  appea rance  of a s h o r t  d u r a t i o n  r e s o n a n c e  b u t  c a n  be 

i n t e r p r e t e d  as r e f l e c t e d  s i g n a l s  ( g e n e r a t e d  by f r e q u e n c y  s i d e  bands  

o f  t h e  t r a n s m i t t e d  p u l s e )  from local  i o n o s p h e r i c  i r r e g u l a r i t i e s  ( C a l v e r t  

and Van Zandt ,  1966). 

Another  phenomenon t h a t  i s  r e s o l v e d  i n  t h e  expanded a m p l i t u d e - t i m e  

f o r m a t  i s  the large f l u c t u a t i o n  i n  a m p l i t u d e  a s s o c i a t e d  w i t h  t h e  decay  
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of  some r e s o n a n c e s ,  which becomes p e r i o d i c  i n  some cases. These f l u c -  

t u a t i o n s  were most commonly obse rved  w i t h  t h e  f T  r e s o n a n c e  i n  t h e  d a t a  

f rom t h e  h i g h  l a t i t u d e  r e g i o n  ( G F O )  and w i t h  t h e  fN r e s o n a n c e  i n  t h e  

d a t a  f rom t h e  low l a t i t u d e  r e g i o n  (AGA-SNT). They became p e r i o d i c  on 

45% of  t h e  obse rved  f T  r e s o n a n c e s  i n  t h e  above h i g h - l a t i t u d e  r e g i o n  

( b u t  n e v e r  i n  t h e  above l o w - l a t i t u d e  r e g i o n )  and on 22% o f  t h e  obse rved  

f N  r e s o n a n c e s  i n  t h e  l o w - l a t i t u d e  r eg ion  ( b u t  n e v e r  i n  t h e  h i g h - l a t i t u d e  

r e g i o n ) .  Examples of  t h e s e  c o n d i t i o n s  are p r e s e n t e d  i n  F i g u r e  16; i t  

i s  a p p a r e n t  t h a t  t h e  f r e q u e n c y  of t h e  f l u c t u a t i o n s  i s  d i f f e r e n t  f o r  

e a c h  r e s o n a n c e  (1.9 2 .1 k c / s  f o r  t h e  fN r e s o n a n c e  and 2.7 2 .1 k c / s  

f o r  t h e  f T  r e sonance )  , and t h a t  t h e  p e r i o d i c  f l u c t u a t i o n s  are more 

p rominen t  n e a r  t h e  end o f  t h e  r e s o n a n t  s i g n a l  t h a n  n e a r  t h e  b e g i n n i n g .  

These a m p l i t u d e  f l u c t u a t i o n s  have not been s t u d i e d  i n  d e t a i l  b u t  a 

p r e l i m i n a r y  i n v e s t i g a t i o n  i n d i c a t e s  a f r e q u e n c y  v a r i a t i o n  f o r  t h e  

same r e s o n a n c e  from one r e g i o n  t o  a n o t h e r .  

Antenna  o r i e n t a t i o n .  It w a s  observed t h a t  s t r o n g  r e s o n a n c e s  were 

*mP.m. _ _ _ _  : - - ?  ..n 3:: t h e  lc--g -ntc--o -5 f i i ,  fi, 3fE, zzd --n ?F.. vhnn ~ncnnslnnnc - - - - 

at  t h e  h i g h  ha rmon ics  of  fH were obse rved  on t h e  same ionogram i n  t h e  

l o w - l a t i t u d e  d a t a .  The la t ter  c o n d i t i o n  i m p l i e s  t h a t  t h e  s h o r t  a n t e n n a  

(wh ich  i s  p e r p e n d i c u l a r  t o  t h e  long  an tenna )  w a s  n e a r l y  p a r a l l e l  t o  

t h e  e a r t h ' s  magne t i c  f i e l d  at t h e  time o f  o b s e r v a t i o n  (Lockwood, 1965) .  

Thus,  even af ter  a l l o w i n g  f o r  t h e  s a t e l l i t e  s p i n  between t h e  t i m e s  when 

t h e  low and h i g h  harmonics  are r e c e i v e d ,  t h e  o b s e r v a t i o n s  i n d i c a t e d  

t h a t  r e s o n a n c e s  of  l ong  d u r a t i o n  are r e c e i v e d  a t  fNy f T ,  and t h e  lower 

ha rmon ics  of  fH when t h e  r a d i a t i n g  an tenna  i s  f a r  removed from t h e  
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p a r a l l e l  c o n f i g u r a t i o n  which i s  so n e c e s s a r y  f o r  t h e  o b s e r v a t i o n  of 

r e sonances  at t h e  h i g h e r  ha rmon ics  of f H .  Two cases where l o n g  d u r a t i o n  

r e sonances  w e r e  obse rved  were i n v e s t i g a t e d  i n  d e t a i l .  The r e s u l t s  f u l l y  

s u p p o r t  t h e  above h y p o t h e s i s  i n  t h a t  the  long  a n t e n n a  w a s  o b s e r v e d  t o  

make an a n g l e  o f  1 O l o  w i t h  t h e  magnet ic  f i e l d  d i r e c t i o n  d u r i n g  t h e  

t i m e  of o b s e r v a t i o n  of r e s o n a n c e s  o f  e x t r e m e l y  l o n g  d u r a t i o n  ( f T ,  f H ,  

and 2fH on one  GFO ionogram and 3 f H  on one AGA ionogram - t h e  corre- 

sponding  a n g l e s  between t h e  long  a n t e n n a  and  t h e  d i r e c t i o n  of s a t e l l i t e  

motion were 47O and 85O r e s p e c t i v e l y ) .  

Summary o f  o b s e r v a t i o n s .  The o b s e r v a t i o n s  are summarized below: 

1. The f r e q u e n c i e s  of t h e  c y c l o t r o n  harmonic r e s o n a n c e s  d e v i a t e  

f rom t h e  harmonic r e l a t i o n  f n  = n f H .  

n e g a t i v e  d i r e c t i o n  f o r  n > 4 w i t h  a p o s i t i v e  o f f s e t  between 

n = 7 and n = 8. The maximum o b s e r v e d  s h i f t  i s  less t h a n  1% 

( F i g u r e  4a) .  

The above f r e q u e n c i e s  depend on  the e l e c t r o n  d e n s i t y  N .  The 

f o l l o w i n g  f r e q u e n c y  s h i f t s  ( a l l  less  t h a n  0.5%) are o b s e r v e d  

w i t h  an  i n c r e a s e  i n  N: n e g l i g i b l e  f o r  n = 2 ,  p o s i t i v e  f o r  

n = 3 ,  and n e g a t i v e  f o r  n = 4 ,  5 ,  and  6 i n  t h e  l o w - l a t i t u d e  d a t a  

(AGA-SNT) where t h e  c o n d i t i o n  2fH < f T  I 4fH i s  s a t i s f i e d  f o r  

a l l  obse rved  v a l u e s  o f  N ;  q u e s t i o n a b l e  f o r  n = 1 and p o s i t i v e  

f o r  n = 2 i n  t h e  h i g h - l a t i t u d e  d a t a  (GFO) where t h e  c o n d i t i o n  

f T  < 2fH i s  s a t i s f i e d  f o r  a l l  obse rved  v a l u e s  of N .  I n s u f f i -  

c i e n t  da ta  p r e v e n t e d  t h e  d i r e c t  d e t e c t i o n  of f r e q u e n c y  s h i f t s  

f o r  t h e  h i g h e r  ha rmon ics  ( F i g u r e s  4b and 8 ) .  

They are s h i f t e d  i n  t h e  

2 .  
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3 .  The weighted  a v e r a g e  of  t h e  q u a n t i t y  ~ B R - B c I  was less  t h a n  

159 f o r  a l l  t h e  n f H  r e s o n a n c e s  ( i n c l u d i n g  t h e  obse rved  

f r e q u e n c y  s h i f t s )  i n  a l l  r e g i o n s  and less  t h a n  lOOy i n  t h e  

l o w - l a t i t u d e  r e g i o n  (AGA-SNT) where more d a t a  and a more re-  

l i a b l e  r e f e r e n c e  f i e l d  were a v a i l a b l e  ( F i g u r e  4 ) .  

The f r e q u e n c y  of o c c u r r e n c e  of  t h e  nfH r e s o n a n c e s  d e c r e a s e s  

w i t h  i n c r e a s i n g  n f o r  n 2 2 i n  t h e  middle  and h i g h - l a t i t u d e  

d a t a  r e g i o n s  and f o r  n 2 4 i n  t h e  l o w - l a t i t u d e  regions; i t  i s  

h i g h e s t  f o r  t h e  r e s o n a n c e s  w i t h  n 2 5 i n  t h e  r e g i o n  where 

V, * B E  0 ( Q U I  d a t a  o f  F i g u r e  9 ) .  I o n o s p h e r i c  c o n d i t i o n s  

are n o t  t h e  major f a c t o r  l i m i t i n g  t h e  o b s e r v a t i o n  of h i g h  h a r -  

monics  o f  fH; t h e s e  c o n d i t i o n s ,  on t h e  a v e r a g e ,  would have 

a l l o w e d  6 o r  7 more n f H  resonance  t o  be obse rved  p e r  ionogram 

i n  t h e  l o w - l a t i t u d e  r e g i o n s ,  and o n e  o r  two more i n  t h e  h igh -  

l a t i t u d e  r e g i o n s  ( T a b l e  3 ) .  

The a v e r a g e  d u r a t i o n  of t h e  n f H  r e s o n a n c e s  d e c r e a s e s  w i t h  i n -  

c r e a s i n g  n t o  a n e a r l y  c o n s t a n t  v a l u e  f o r  h i g h  n .  

observed d u r a t i o n  Dmax i s  r e l a t e d  t o  T ,  t h e  t i m e  r e q u i r e d  f o r  

t h e  s a t e l l i t e  t o  t r a v e r s e  a d i s t a n c e  e q u a l  t o  t h e  t i p - t o - t i p  

l e n g t h  of t h e  r a d i a t i n g  a n t e n n a ,  i n  t h e  f o l l o w i n g  manner 

( F i g u r e  10): 

4 .  

- a 

5.  

The maximum 



- 20 - 

Low- l a t i  t u d e  r e g i o n s  ( AGA-SNT and  QUI) 

Dmax > T f o r  n = 2 ,  3 ,  and 4 

Dmax = T f o r  n = 5 and 6 

Dmax < T/2  f o r  n 2 7 

H i g h - l a t i t u d e  r e g i o n s  (GFO and RES) 

Dmax>  T f o r  n = 1 and 2 

Dmax<  T /2  f o r  n 2 3 

6 .  The fH r e s o n a n c e  i s  one of  t h e  s t r o n g e s t  r e s o n a n c e s  o b s e r v e d  

i n  t h e  h i g h - l a t i t u d e  r e g i o n s  (GFO and RES) i n  s p i t e  o f  a -40 db  

sounder r e s p o n s e  a t  fH ( F i g u r e s  10 and 11). 

7.  The d u r a t i o n  of  t h e  plasma r e s o n a n c e s  depends on t h e  a n g l e  @ 

between Vs and B. 

f o r  t h e  fN and t h e  nfH r e s o n a n c e s  when n 2 3 ,  d e c r e a s e s  f o r  

t h e  f T  r e s o n a n c e ,  and f l u c t u a t e s  i n  a more u n c e r t a i n  manner 

f o r  t h e  2fH r e s o n a n c e .  

r e sonance  t o  c o m p l e t e l y  d i s a p p e a r  ( w i t h i n  t h e  f r e q u e n c y  re- 

sponse of  t h e  A l o u e t t e  I sounder )  ; t h i s  d i s a p p e a r a n c e  o c c u r s  

when cos  @ 0. The maximum d u r a t i o n  of t h e  r e s o n a n c e  a t  f T  

r e a c h e s  a minimum v a l u e  e q u a l  t o  TL when c o s  @ 

The d u r a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  cos @ 

The r e s o n a n c e  a t  fN i s  t h e  o n l y  major 

1 ( F i g u r e  11). 

8. There i s  f a i r  agreement between t h e  obse rved  r e s o n a n t  d u r a t i o n s  

and t h e  r e l a t i v e  p r e d i c t i o n s  o f  F e j e r  and C a l v e r t  ( 1964) based 

on t h e  e l e c t r o s t a t i c  a p p r o x i m a t i o n  f o r  t h e  r e s o n a n c e s  a t  f H  , 

3fHy and 4fH; t h e  agreement  i s  more u n c e r t a i n  f o r  t h e  r e s o n a n c e s  

a t  fN, fTy and 2 f ~ ( F i g u r e  1 2 ) .  
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9. Most of t h e  r e s o n a n t  p u l s e s  a s s o c i a t e d  w i t h  t h e  r e s o n a n c e s  a t  

fH and n fH are w i t h i n  - + 100 k c l s  of t h e i  

f r e q u e n c i e s .  The d e c l i n e  from t h e  maximum d u r a t i o n  i s  

s l i g h t l y  s t e e p e r  t h a n  t h e  b u i l d - u p  ( F i g u r e  1 3 ) .  

O c c a s i o n a l l y  a harmonic of f H  shows a doub le -peak  s t r u c t u r e  

( F i g u r e  14) .  

A d e c a y i n g  s i g n a l  of s h o r t  d u r a t i o n  i s  o f t e n  obse rved  a t  f x ,  

t h e  e x i t  f r e q u e n c y  f o r  t h e  e x t r a o r d i n a r y  wave, on t h e  ampl i tude -  

t i m e  format ( F i g u r e  15). 

r e s p e c t i v e  c e n t e r  

10. 

11. 

12.  P e r i o d i c  a m p l i t u d e  f l u c t u a t i o n s  i n  t h e  2 - 3  k c / s e c  r e g i o n  were 

o f t e n  observed w i t h  t h e  f T  r e sonance  i n  t h e  h i g h - l a t i t u d e  d a t a  

( b u t  n e v e r  i n  t h e  l o w - l a t i t u d e  d a t a )  and  w i t h  t h e  fN r e s o n a n c e  

i n  t h e  l o w - l a t i t u d e  d a t a  ( b u t  never  i n  t h e  h i g h - l a t i t u d e  d a t a ) ;  

t h e y  are most prominent  i n  t h e  r e s o n a n t  r a d i a t i o n  c o r r e s p o n d i n g  

t o  r e l a t i v e l y  long  t i m e  d e l a y s  a f t e r  t h e  t r a n s m i t t e d  p u l s e  

( F i g u r e  16). 

Kesonances  of iong  duraLiori w e i r  u L b e ~ v e 4  di lN,  IT, allu C L I C  

lower ha rmon ics  o f  fH when t h e  r a d i a t i n g  a n t e n n a  ( l o n g  a n t e n n a  

i n  t h i s  case) w a s  f a r  removed from a p a r a l l e l  c o n f i g u r a t i o n  

w i t h  B. 

The obse rved  r e s o n a n t  f r e q u e n c i e s  f N  and f T  w e r e  c o n s i s t e n t  

w i t h  t h e  c a l c u l a t e d  v a l u e s  based on t h e  obse rved  f r e q u e n c i e s  

f , ,  f x ,  and n fH on  any  g i v e n  ionogram. 

1 . 3  _ _  
13 .  

14. 
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Theory  

The c o l d  plasma t h e o r y  o f  e l e c t r o m a g n e t i c  wave p r o p a g a t i o n  

( A p p l e t o n - H a r t r e e  t h e o r y )  p r e d i c t s  u n i q u e  e f f e c t s  f o r  t h e  p r o p a g a t i o n  

modes a t  t h e  a n g u l a r  f r e q u e n c i e s  w Z ,  w X ,  and wN when t h e  wave number 

0 and WH and WT when k -+ m ,  where k = r  

.- J 

and W N ,  W H  and WT are t h e  a n g u l a r  p lasma,  c y c l o t r o n ,  and u p p e r  h y b r i d  

f r e q u e n c i e s ,  r e s p e c t i v e l y  ( B e k e f i ,  Chap. 7 ,  1966) .  I n  a l l  of t h e s e  

cases t h e  group v e l o c i t y  approaches  z e r o ,  i . e . ,  - -, 0. S t u r r o c k  (1961)  

c o n s i d e r s  t h i s  c o n d i t i o n  t o  be a s u i t a b l e  d e f i n i t i o n  f o r  a r e s o n a n t  s i t -  

u a t i o n  s i n c e  n o  e n e r g y  i s  then  la7st by p r o p a g a t i o n .  S i m i l a r  r e s o n a n t  

c o n d i t i o n s  a r e  n o t  p r e d i c t e d  f o r  t h e  f r e q u e n c i e s  nfH,  n = 2 ,  3 ,  

4 ,  - - - -  i n  c o l d  plasma t h e o r y .  The f i r s t  a t t e m p t  t o  e x p l a i n  t h e  e x i s t -  

e n c e  o f  r e sonances  a t  t h e s e  f r e q u e n c i e s  on t h e  A l o u e t t e  I d a t a  were 

based  on t h e  n o n - c o l l e c t i v e  e f f e c t s  of t h e  bunching  of  e l e c t r o n s  (Lockwood, 

1963;  Johns ton  and N u t t a l l ,  1964) .  Later work h a s  c e n t e r e d  on  t h e  

c o l l e c t i v e  behav io r  of t h e  p l a sma ,  and h a s  a t t e m p t e d  t o  e x p l a i n  t h e  

obse rved  long d u r a t i o n  a s s o c i a t e d  w i t h  t h e  r e s o n a n c e s  i n  terms of 

s o l u t i o n s  of the  wave d i s p e r s i o n  e q u a t i o n  i n  w a r m  plasma t h e o r y .  Two 

d i f f e r e n t  d i s p e r s i o n  t h e o r y  a p p r o a c h e s  have  been c o n s i d e r e d  - t h e  f i r s t  

c o n s i d e r s  s t r i c t l y  e l ec t ros t a t i c  ( l o n g i t u d i n a l )  o s c i l l a t i o n s  of t h e  

plasma ( F e j e r  and Ca lve r t ,  1964; S t u r r o c k ,  19651,  whereas  t h e  second 

allows f o r  t r a n s v e r s e  o s c i l l a t i o n s  by c o n s i d e r i n g  t h e  f u l l  e l e c t r o m a g n e t i c  

e q u a t i o n s  (Shka ro f sky ,  1966;  Shka ro f sky  and  J o h n s t o n ,  1965) .  

a k  
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The d i s p e r s i o n  e q u a t i o n  i s  o b t a i n e d  f rom t h e  wave e q u a t i o n  (which 

e 
fo l lows  from t h e  F o u r i e r - a n a l y z e d ,  i n  t i m e  and s p a c e ,  Maxwell's equa-  

t i o n s )  

where K i s  t h e  e q u i v a l e n t  d i e l e c t r i c  c o e f f i c i e n t .  The c o n d i t i o n  f o r  a 

n o n - t r i v i a l  s o l u t i o n  of ( 2 )  i s  t h a t  t h e  d e t e r m i n a t e  o f  t h e  c o e f f i c i e n t s  

o f  E be e q u a l  t o  z e r o .  T h i s  c o n d i t i o n  l e a d s  t o  t h e  d i s p e r s i o n  e q u a t i o n  

Ak4 + Bk2 + C = 0 ( 3 )  

where A ,  B ,  and C r e p r e s e n t  combina t ions  of  t h e  e l e m e n t s  of  t h e  t e n s o r  

K .  

no  e x t e r n a l  magnet ic  f i e l d  K = K(w) i s  a scalar .  With a uni form s t a t i c  

e x t e r n a l  magnet ic  f i e l d  B ,  K i s  a t e n s o r  of t h e  form K = K ( w ,  8 )  i n  a 

c o l d  p l a sma ,  w h i l e  i n  a warn plasma K = K ( w ,  8 ,  k)  o r  K(w , k) , where 0 

i s  t h e  a n g l e  between k and B.  I n  the  s p e c i a l  case of a c o l d  plasma 

w i t h  n o  e x t e r n a l  r n a E n P t i r  f i p l d  t h p r e  a r e  t w c  ~ ~ l i ~ + i ~ ~ ~  -f ( 7 )  . - I  - f i r c t  

o b t a i n e d  by Tonks and Langmuir (1929)  - namely,  one  c o r r e s p o n d i n g  t o  

t r a n s v e r s e  e l e c t r o m a g n e t i c  waves and one  c o r r e s p o n d i n g  t o  non-p ropaga t ing  

p lasma o s c i l l a t i o n s  w i t h  w = wN. 

s i d e r e d  ( w a r m  plasma) t h e n  t h e  second s o l u t i o n  c o r r e s p o n d s  t o  p r o p a g a t i n g  

l o n g i t u d i n a l  waves (Landau ,  1946; Bohm and G r o s s ,  1949) .  I n  t h e  p r e s e n c e  

o f  an e x t e r n a l  magnet ic  f i e l d  B ,  t h e  d i s p e r s i o n  e q u a t i o n  ( 3 )  w i l l  

s e p a r a t e  i n t o  l o n g i t u d i n a l  and  t r a n s v e r s e  modes o n l y  unde r  s p e c i a l  

c o n d i t i o n s .  F o r  example,  when t h e  c o n d i t i o n  

A 
The p h y s i c s  of t h e  problem i s  d e s c r i b e d  by 2. I n  a c o l d  plasma w i t h  

J 

& A  

A A 

I f  e l e c t r o n  t h e r m a l  m o t i o n s  are con-  

-c 
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i s  s a t i s f i e d  f o r  a l l  i and j t h e  waves are n e a r l y  l o n g i t u d i n a l ,  i . e . ,  

k x E 0 ,  and  ( 3 )  r e d u c e s  t o  

(5 )  2 K,, s i n 2 0  + K,, cos 0 + 2Kx, c o s 0  s i n 0  = 0 

where 0 i s  the a n g l e  between k and B. E q u a t i o n  ( 5 )  i s  known as t h e  

d i s p e r s i o n  r e l a t i o n  f o r  t h e  e lectrostat ic  approx ima t ion .  T h i s  material 

i s  summarized i n  more d e t a i l  by Beka f i  (Chap. 1, 1966) and S t i x  (1962) .  

The above l o n g i t u d i n a l  waves are damped, even  i n  t h e  absence  of 

c o l l i s i o n s ,  by an  i n t e r a c t i o n  between t h e  wave and t h o s e  p a r t i c l e s  w i t h  

v e l o c i t i e s  e q u a l  t o  t h e  wave phase  v e l o c i t y .  I n  t h e  absence  o f  an ex- 

t e r n a l  magnet ic  f i e l d  t h i s  'Landau damping' i s  i n s i g n i f i c a n t  when 

kh << 1 where h i s  t h e  e l e c t r o n  Debye l e n g t h  (Landau,  1946) .  I n  t h e  

p r e s e n c e  of an  e x t e r n a l  magne t i c  f i e l d ,  Landau damping c o m p l e t e l y  d i s -  

a p p e a r s  when x - B = 0 ( B e r n s t e i n ,  1958) .  
4 

Fe jer  and  C a l v e r t  ( 1964) s t r e s s e d  t h e  r e q u i r e m e n t  of l o w  Landau 

damping i n  t h e i r  a t t e m p t  t o  e x p l a i n  t h e  r e s o n a n c e s  of long  d u r a t i o n  

observed by A l o u e t t e  I .  They s i m p l i f i e d  t h e  d i s p e r s i o n  e q u a t i o -  ( 5 )  by 

c o n s i d e r i n g  t h e  r e g i o n  of s m a l l  k and found s o l u t i o n s  c o r r e s p o n d i n g  t o  

t h e  observed  r e s o n a n t  f r e q u e n c i e s  when 8 = 0 and 8 = n / 2 .  

o b t a i n e d  were t h e  f o l l o w i n g :  f = f H  and f = f N  when k i s  a p p r o x i m a t e l y  

The s o l u t i o n s  

a 

p a r a l l e l  t o  B ,  and f = f T  and f = nfH w i t h  n = 2 ,  3 ,  - - - -  when k i s  

approx ima te ly  p e r p e n d i c u l a r  t o  B. The d u r a t i o n s  of t h e  r e s o n a n c e s  were 
i 

i n v e s t i g a t e d  by c o n s i d e r i n g  t h e  s p r e a d i n g  of a wave p a c k e t  w i t h  l o w  

g roup  v e l o c i t y .  The r e s u l t s  i n d i c a t e  t h a t  when 0 < 0 < n / 2  t h e  group 

v e l o c i t y  Vg i s  a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  k and t h e  o s c i l l a t i o n s  
A -L 
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q u i c k l y  d i e  o u t ,  b u t  when 0 = 0 or  8 = n / 2  t h e  d i r e c t i o n  of  Vg i s  p a r a l l e l  

t o  k and t h e  o s c i l l a t i o n s  are long  l a s t i n g .  

l a t i v e  v a r i a t i o n  i n  d u r a t i o n  f o r  a g iven  r e s o n a n c e  as a f u n c t i o n  of 

f N / f H  were d i s c u s s e d  i n  t h e  last s e c t i o n  i n  c o n n e c t i o n  w i t h  F i g u r e  12. 

-. 
T h e i r  estimates o f  t h e  re- 

S t u r r o c k  (1965)  c o n s i d e r e d  s o l u t i o n s  of  (5 )  when Vg = 0 and used  

t h e  i n f i n i t e s i m a l  d i p o l e  approximation t o  c a l c u l a t e  t h e  t i m e  dependence 

of  t h e  obse rved  r e s o n a n c e s .  

exceeded t h e  obse rved  d u r a t i o n s ;  t h e  d i s c r e p a n c y  w a s  a t t r i b u t e d  t o  t h e  

motion of t h e  s a t e l l i t e  o u t  of t h e  r e g i o n  of e x c i t a t i o n .  Dee r ing  and 

F e j e r  (1965) ex tended  t h i s  approach by c a l c u l a t i n g  b o t h  t h e  space  and 

t i m e  dependence o f  t h e  f i e l d  a s s o c i a t e d  w i t h  t h e  r e s o n a n c e s .  

The c a l c u l a t e d  d u r a t i o n  t i m e s  g r e a t l y  

Shka ro f sky  and J o h n s t o n  ( 1 9 6 5 ) ( s e e  a l s o  S h k a r o f s k y ,  1966) c r i t i c i z e d  

t h e  above work because  t h e  e l e c t r o s t a t i c  approx ima t ion  t o  t h e  d i s p e r s i o n  

e q u a t i o n ,  which i s  a p p r o p r i a t e  f o r  l a r g e  k - as de te rmined  by ( 4 1 ,  i s  

used  i n  t h e  domain of  small k. They a l s o  s t r e s s e d  t h e  c o n c e p t  of  ma tch ing  

t h e  wave g roup  v e l o c i t y  w i t h  t h e  s a t e l l i t e  v e l o c i t y ,  r a t h e r  t h a n  con-  

s i d e r i n g  c o n d i t i o n s  o f  z e r o  g roup  v e l o c i t y ,  and found t h a t  ma tch ing  

c o n d i t i o n s  c o u l d  be s a t i s f i e d  f o r  t h e  nfH r e s o n a n c e s  f o r  a l l  n when t h e  

waves were n o n - l o n g i t u d i n a l  b u t  on ly  f o r  n < 3 when t h e  waves were long-  

i t u d i n a l .  The c a l c u l a t e d  t i m e  d u r a t i o n s  a s s o c i a t e d  w i t h  t h e  e l e c t r o -  

s ta t ic  ma tch ing  p o i n t s  were f a r  g r e a t e r  t h a n  t h e  obse rved  d u r a t i o n s  

whereas  t h e  c a l c u l a t i o n s  based on t h e  e l e c t r o m a g n e t i c  ma tch ing  p o i n t s  

gave o r d e r - o f - m a g n i t u d e  agreement .  They i n f e r  t h a t  when b o t h  matching 

p o i n t s  are p o s s i b l e ,  f o r  a g iven  r e s o n a n c e ,  t h e  s h o r t  wave leng th  elec- 

t r o s t a t i c  waves are more d i f f i c u l t  t o  e x c i t e  and are more s t r o n g l y  
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a f f e c t e d  by a n t e n n a  s h e a t h s  t h a n  t h e  m n - l o n g i t u d i n a l  waves. T h e i r  ca l -  

c u l a t i o n s  i n d i c a t e  an e x c i t a t i o n  mechanism f a v o r i n g  t h e  l o w e r  ha rmon ics  

b u t  a r e s o n a n t  r e l a x a t i o n  a f t e r  e x c i t a t i o n  f a v o r i n g  t h e  h i g h e r  harmonics .  

The f r equency  d e v i a t i o n  ( f n - n f H ) / f n  w a s  found t o  b e  r e l a t i v i s t i c a l l y  

small f o r  t he  n o n - l o n g i t u d i n a l  waves ( t h i s  r e q u i r e d  t h e  u s e  of  re- 

l a t i v i s t i c  t heo ry )  b u t  of  a larger ,  and p o s s i b l y  d e t e c t a b l e  ¶ magni tude  

f o r  t h e  l o n g i t u d i n a l  waves. A similar - b u t  n o t  as e x t e n s i v e  - t h e o r e t i c a l  

t r e a t m e n t  has  been g i v e n  by Dougherty and Monaghan ( 1 9 6 5 ) .  

The f r equency  d e v i a t i o n s  from f n  = n f H  e x p e c t e d  f o r  t h e  l o n g i t u d i n a l  
a a  

waves w i t h  k B = 0 ( t h e  s o - c a l l e d  B e r n s t e i n  modes) can  be v i s u a l i z e d  

by i n s p e c t i n g  t h e  d i s p e r s i o n  c u r v e s  based  on ( 5 )  w i t h  0 = n / 2 .  Two sets  

o f  d i s p e r s i o n  c u r v e s  are p r e s e n t e d  i n  F i g u r e  17. The s l o p e  of each  c u r v e  

i s  re la ted t o  t h e  group v e l o c i t y  i n  t h e  f o l l o w i n g  manner: 

( 6 )  g - a (  f / f  H, 1 = l a W  = L V  

a ( k 1 R )  wHR a k =  W H R  

where kl i s  t h e  wave number i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  

i s  t h e  e l e c t r o n  c y c l o t r o n  r a d i u s .  The cases p r e s e n t e d  are p e r t i n e n t  t o  

t h e  A l o u e t t e  I l o w - l a t i t u d e  d a t a  (AGA-SNT), i n  t h a t  t h e  v a l u e  of  f T  

sweeps through t h e  v a l u e  o f  3 f H  (see F i g u r e  8 ) .  

p e r s i o n  cu rve  f o r  t h e  l o n g i t u d i n a l  wave a s s o c i a t e d  w i t h  3fH changes  

d r a s t i c a l l y  d u r i n g  t h e  above  change  i n  fT .  

e x p e c t e d  i n  t h e  obse rved  f r e q u e n c y  of t h e  r e s o n a n c e  a t  f 3 ¶  based on 

matching  Vs to IV,l i n  t h e  r e g i o n  of small k, i s  from f 3  > 3fH ( p o s i t i v e  

s l o p e )  t o  f 3 <  3 f ~  ( n e g a t i v e  s l o p e )  as f T  i n c r e a s e s .  ( I n  t h e  AGA-SNT 

d a t a  r e g i o n ,  R w  6 crn and t h e  s l o p e  g i v e n  by ( 6 )  i s  .04.) A similar 

and R 

The shape  of t h e  d i s -  

The c o r r e s p o n d i n g  change  
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e f f e c t  i s  obse rved  a t  e a c h  harmonic of fH , i .e. , t h e  d i s p e r s i o n  c u r v e  

a s s o c i a t e d  w i t h  nfH approaches  t h e  v a l u e  of  n f H  from t h e  h i g h  s i d e  

when n f H  > fT  b u t  f rom t h e  low s ide  when f T  > n f H .  

S i g n i f i c a n t  f r e q u e n c y  s h i f t s  may be  e x p e c t e d  even f o r  n o n - l o n g i t u d i n a l  

waves f o r  t h e  above c r i t i c a l  c o n d i t i o n  of f T X  n f H .  

be  d e t e c t e d  by a n  examina t ion  of F i g u r e  6 of Shka ro f sky  (1966)  n e a r  

t h i s  c o n d i t i o n  which c o r r e s p o n d s  t o  (fN/fH)2Fy ( n 2  - 1 ) .  

e x p e c t e d  i n  t h i s  case, however ,  are  a lways  p o s i t i v e  and t h e  d i r e c t i o n  

of  t h e  s h i f t  i s  e x a c t l y  o p p o s i t e  t o  t h e  d i r e c t i o n  p r e d i c t e d  by t h e  e lec-  

t r o s t a t i c  approx ima t ion  f o r  t h e  l o n g i t u d i n a l  waves, i . e . ,  f ,  i n c r e a s e s  

w i t h  i n c r e a s i n g  N .  

T h i s  b e h a v i o r  can  

The s h i f t s  

A l l  o f  t h e  above  t h e o r e t i c a l  t r e a t m e n t s ,  which are based  on t h e  

d i s p e r s i o n  of p lasma waves, n e g l e c t  t h e  f i n i t e  l e n g t h  o f  t h e  A l o u e t t e  I 

a n t e n n a s .  T h i s  l i m i t a t i o n  must b e  kept i n  mind when compar ing  t h e  t h e o -  

r e t i c a l  p r e d i c t i o n s  w i t h  t h e  A l o u e t t e  I o b s e r v a t i o n s  s i n c e ,  i n  e f f e c t ,  

i t  assumes  t h a t  t h e  p o i n t  o f  o b s e r v a t i o n  i s  removed from t h e  r e g i o n  of 

v r i g i r i a i  e x c i t a t i o n  ( L. Y .  SnKarorsKy, p e r s o n a l  communicat ion,  1967) .  

I n t e r p r e t a t i o n  

Magnet ic  c o n t a m i n a t i o n .  A l o u e t t e  I was d e s i g n e d  f o r  i o n o s p h e r i c  - 

n o t  magne t i c  - measurements and p r e - l a u n c h  magne t i c  tes ts  were n o t  con-  

d u c t e d .  

ca tes  t h a t  t h e  magnet ic  con tamina t ion  w a s  n o t  l a r g e  ( see  F i g u r e  4a).  

The c o n c e r n  of magnetic c o n t a m i n a t i o n  t h u s  c e n t e r s  a round a p o s s i b l e  small  

f i e l d  which  c o u l d  g i v e  r i s e  t o  t h e  observed  s h i f t  a n d / o r  o f f s e t  s o  c l e a r l y  

The f a i r l y  l o w  v a l u e s  of t h e  q u a n t i t y  I%-Bc(  , however ,  i n d i -  
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obse rved  i n  t h e  l o w - l a t i t u d e  d a t a  (AGA-SNT) of F i g u r e  4a. Such a mag- 

n e t i c  f i e l d  c o u l d  o r i g i n a t e  i n  t h e  permanent o r  i nduced  f i e l d  of t h e  

s a t e l l i t e  body o r  i t s  a n t e n n a s .  

A p e r m a n e n t ' s a t e l l i t e  f i e l d  s t r o n g  enough t o  produce t h e  o b s e r v e d  

s h i f t  a n d / o r  o f f  se t  shou ld  a l s o  produce t h e  f o l l o w i n g  o b s e r v a b l e  e f f e c t s :  

i n c r e a s e  t h e  s c a t t e r  of t h e  d a t a  due  t o  t h e  tumbl ing  and s p i n n i n g  of t h e  

sa te l l i t e  ( t h e  obse rved  scat ter ,  however,  i s  less t h a n  e x p e c t e d  - see 

Appendix),  p roduce  a l t e r n a t e l y  p l u s  and minus s h i f t s  a n d / o r  o f f s e t s  as 

t h e  sa te l l i t e  s p i n s  ( t h i s  i s  n o t  obse rved)  , and produce a n o t i c a b l e  o f f -  

set between 9fH and 1OfH as t h e  e f f e c t i v e  a n t e n n a  i s  changed from t h e  

46 m ( t i p - t o - t i p )  d i p o l e  t o  t h e  23 m ( t i p - t o - t i p )  d i p o l e  ( t h i s  a l s o  i s  

n o t  o b s e r v e d ) .  

A permanent a n t e n n a  f i e l d  should produce t h e  maximum o b s e r v a b l e  

e f f e c t  when t h e  a n t e n n a  i s  p a r a l l e l  t o  B and t h i s  c o n d i t i o n  i s  s a t i s f i e d  

when t h e  h i g h e r  nfH r e s o n a n c e s  are obse rved  (Lockwood, 1965.) T h i s  

a n t e n n a  o r i e n t a t i o n  dependence a p p e a r s  t o  be  t h e  major  l i m i t i n g  f a c t o r  

i n  d e t e r m i n i n g  t h e  number of  h i g h  n f H  r e s o n a n c e s  obse rved  i n  t h e  low- 

l a t i t u d e  data s i n c e  i o n o s p h e r i c  l i m i t a t i o n s  - on t h e  a v e r a g e  - were neg- 

l i g i b l e  ( s e e  d i s c u s s  p e r t a i n i n g  t o  T a b l e  3 ) .  

o f  t h e s e  r e s o n a n c e s  d r o p s  t o  24% when n = 7 and t o  15% o r  less  when 

n 2 8 ( c u r v e  A ,  F i g u r e  9 1 ,  s u g g e s t i n g  t h a t  t h e  p a r a l l e l  a n t e n n a  - mag- 

n e t i c  f i e l d  c o n f i g u r a t i o n  i s  most c r u c i a l  f o r  t h e  o b s e r v a t i o n  of r e son-  

a n c e s  with n 2 8 and t o  a somewhat lesser d e g r e e ,  f o r  n = 7. Thus,  t h e  

o f f s e t  between t h e  lower and h i g h e r  n f H  r e s o n a n c e s  obse rved  most commonly 

between n = 7 and n = 8 ( F i g u r e  4a)  b u t  o c c a s i o n a l l y  between n = 6 and 

The f r e q u e n c y  o f  o c c u r r e n c e  
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n = 7 ( F i g u r e  4b) i s  most l i k e l y  caused  by an a n t e n n a  o r i e n t a t i o n  e f f e c t .  

A permanent  a n t e n n a  magnet ic  f i e l d  s t r o n g  enough t o  produce  t h i s  o f f  set  

shou ld  produce  a n  a l t e r n a t e l y  p o s i t i v e  and n e g a t i v e  o f f s e t  as t h e  

s a t e l l i t e  s p i n s ,  assuming t h e  t i p - t o - t i p  a n t e n n a  e l emen t  acts  as a s i n g l e  

magne t i c  d i p o l e ,  b u t  t h i s  i s  n o t  observed  t o  be t h e  case. If e a c h  

a n t e n n a  e lement  ac t s  as an  i n d i v i d u a l  o p p o s i t e l y  d i r e c t e d  magnet ic  d i -  

p o l e  t h e n  a b roaden ing  would be expec ted  r a t h e r  t h a n  an  o f f s e t  u n l e s s  

o n l y  o n e  of t h e  e l e m e n t s  receives t h e  r e s o n a n t  r a d i a t i o n  - due  t o  a 

s a t e l l i t e  wake e f f e c t  - and i n  t h i s  c a s e  t h e  o f f s e t  shou ld  change  from 

p l u s  to minus between n o r t h  and  south-bound p a s s e s  b u t  t h i s  change  i s  

n o t  obse rved .  The same arguments  conce rn ing  a permanent  a n t e n n a  mag- 

n e t i c  f i e l d  a p p l y  t o  t h e  ove ra l l  f r equency  s h i f t  obse rved  between n = 4 

and  n = 12.  

The above d i s c u s s i o n  i n d i c a t e s  t h a t  a permanent  s a t e l l i t e  o r  an-  

t e n n a  magne t i c  f i e l d  i s  an u n l i k e l y  c a u s e  of t h e  obse rved  f r e q u e n c y  s h i f t  

o r  o f f s e t .  An i nduced  f i e l d ,  on t h e  o t h e r  hand ,  would n o t  r e v e r s e  s i g n  

as t h e  s a t e l l i t e  sDins  and t h u s  i s  a D o s s i b l e  s o u r c e  of  magnet ic  con-  

t a m i n a t i o n  t h a t  c o u l d  produce  t h e  observed  o f f s e t .  The r e s u l t s  of p r e -  

launch  magnet ic  t e s t s  o f  t h e  similar A l o u e t t e  I1 s a t e l l i t e  i n d i c a t e d  an 

induced  magnet ic  f i e l d  approx ima te ly  1/5 of  t h e  permanent  f i e l d .  The 

maximum radial  component of t h e  permanent f i e l d  i n  t h e  e q u a t o r i a l  p l a n e  

of t h e  s a t e l l i t e  w a s  1 0 9  a t  1.5 m and less t h a n  15y a t  3 m ;  t h e  maximum 

r a d i a l  component a l o n g  t h e  s p i n  ax is  w a s  E/ a t  2m ( C .  A. Harris, p e r s o n a l  

communicat ion,  1967) .  The o n l y  remain ing  p o s s i b l e  s o u r c e  of  a s t r o n g  

induced  f i e l d  i s  from t h e  an tenna  e l emen t s  which ,  on A l o u e t t e  I ,  were 
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composed of s p r i n g  s t ee l  111023. 

o b t a i n e d  from t h e  same s t o c k  as used  i n  A l o u e t t e  I ( c o u r t e s y  D e  H a v i l l a n d  

Aircraft  of Canada, L t d . )  and magnet ic  t e s t s  i n d i c a t e d  t h a t  t h e  induced  

f i e l d  w a s  i n s i g n i f i c a n t  compared t o  t h e  permanent f i e l d  (down by more 

t h a n  a f a c t o r  of 10). The permanent f i e l d  w a s  o n l y  a f e w  gammas a t  a 

r a d i a l  d i s t a n c e s  of  s e v e r a l  meters from t h e  a n t e n n a  e l emen t  (6y a t  2m) 

b u t  was very l a r g e  n e a r  t h e  a n t e n n a  e l emen t  (450-y a t  15 c m ) .  The ow 

v a l u e s  observed f o r  t h e  q u a n t i t y  IBR-BcI , t h e  small scatter of  t h e  d a t a ,  

and t h e  c o n s i s t e n c y  of  t h e  obse rved  f r e q u e n c y  s h i f t  and o f f s e t  imp y 

t h a t  t h e  r e s o n a n t  r e g i o n  i s  n o t  c o n f i n e d  t o  t h e  shea th '  r e g i o n  ( d i m e n s i o n s  

of a f e w  c e n t i m e t e r s )  a round  t h e  a n t e n n a  and t h a t  magne t i c  c o n t a m i n a t i o n  

i s  n o t  a major f a c t o r  a s s o c i a t e d  w i t h  t h e  obse rved  A l o u e t t e  I plasma 

re sonances .  

A 24 f t .  s e c t i o n  of t h i s  material w a s  

Mzgnetic c o n t a m i n a t i o n  c o u l d  be a minor f a c t o r  c o n t r i b u t i n g  t o  

t h e  f r equency  b roaden ing  of t h e  obse rved  r e s o n a n c e s ,  t h e  predominant  

f a c t o r  being t h e  wide e f f e c t i v e  bandwidth of  t h e  A l o u e t t e  I r e c e i v e r  

c o u p l e d  wi th  t h e  f r e q u e n c y  spectrum of t h e  t r a n s m i t t e d  p u l s e s .  These 

l a t t e r  c o n d i t i o n s  a l s o  produce t h e  o b s e r v e d  n o n - u n i f o r m i t i e s  i n  t h e  re- 

s o n a n t  f r equency  c u r v e  of F i g u r e  13a. The a s s y r n e t r i e s  o b s e r v e d  on t h e  

o t h e r  c u r v e s  i n  t h i s  f i g u r e  are s i m i l a r l y  a t t r i b u t e d  t o  i n s t r u m e n t a l  

e f f e c t s  [ t h e r e  i s  a n  e f f e c t i v e  r e c e i v e r  f r e q u e n c y  s h i f t  of +5 k c / s  t o  

compensate f o r  t h e  d e l a y  t i m e  o f  t h e  r e c e i v e d  echo ( C .  A. F r a n k l i n ,  

p e r s o n a l  communication, 196711. 

a n c e s  observed by A l o u e t t e  11 i n d i c a t e s  t h a t  t h e y  c o v e r  a s h o r t e r  f r e -  

quency i n t e r v a l  (80 t 10 k c / s )  t h a n  t h o s e  obse rved  by A l o u e t t e  I ( see  

A q u i c k  i n s p e c t i o n  of t h e  n f H  r e s o n -  
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F i g u r e  13). T h i s  d i f f e r e n c e  i s  t o  be e x p e c t e d  s i n c e  t h e  overa l l  re- 

c e i v e r  bandwidth on A l o u e t t e  I1 a t  t h e  20 d b  p o i n t  i s  c o n s i d e r a b l y  less 

t h a n  on A l o u e t t e  I [ 7 3  k c / s  compared w i t h  115 k c / s  (C. A. F r a n k l i n ,  

p e r s o n a l  communicat ion,  196711. 

I a p p e a r  s l i g h t l y  w i d e r  t h a n  expec ted  on  t h e  basis of bandwidth con-  

s i d e r a t i o n s  a l o n e  and t h e  non-un i fo rmi ty  i n  t h e  magnet ic  f i e l d  n e a r  

t h e  a n t e n n a s  may be  r e s p o n s i b l e  - e s p e c i a l l y  f o r  t h e  h i g h e r  ha rmon ics  

where t h i s  t y p e  of b roaden ing  would be  g r e a t e s t  and where less r e s o n a n t  

ene rgy  would be  e x p e c t e d  t o  b e  e x c i t e d  by t h e  low ene rgy  components of 

The n f H  r e s o n a n c e s  obse rved  by A l o u e t t e  

t h e  t r a n s m i t t e d  f r e q u e n c y  spec t rum.  A s  ment ioned  ea r l i e r ,  a b roaden ing  

would be expec ted  i f  t h e  a n t e n n a  e l emen t s  were o p p o s i t e l y  d i r e c t e d  mag- 

n e t i c  d i p o l e s .  Such a b roaden ing  cou ld  be r e s p o n s i b l e  f o r  t h e  s p l i t t i n g  

obse rved  on some of t h e  h i g h e r  nfH r e s o n a n c e s  ( F i g u r e  14) and t h i s  

s p l i t t i n g  should  n e v e r  o c c u r  on the r e s o n a n c e s  o b s e r v e d  by A l o u e t t e  I1 

where non-magnet ic  Be-Cu a n t e n n a s  were used .  The main s o u r c e  of 

b r o a d e n i n g ,  however ,  are t h e  i n s t r u m e n t a l  e f f e c t s  ment ioned ea r l i e r ;  

. ,  7 .  
U L l l C L  LluauCll*llg ll ,c~~lal'is~,ls :::c;ld zx! !!krt:z, b. 27'! ,  1?c.';! _qra inti " 0 -  

n i f i c a n t  i n  t h e  p r e s e n t  problem. 

Frequency  S h i f t s .  The p o s i t i v e  f r e q u e n c y  o f f s e t  obse rved  between 

t h e  n = 7 and n = 8 r e s o n a n c e s  i n  t h e  l o w - l a t i t u d e  d a t a  of F i g u r e  4a i s  

a t t r i b u t e d  t o  a s a t e l l i t e  wake e f f e c t .  The o b s e r v a t i o n s  i n  s u p p o r t  of 

t h i s  s t a t e m e n t  are t h e  f o l l o w i n g :  

are o n l y  obse rved  when t h e  r a d i a t i n g  a n t e n n a  i s  w i t h i n  a p p r o x i m a t e l y  

- + 15O of  b e i n g  p a r a l l e l  t o  2 (Lockwood, 1965) which ,  f o r  t h e  r e g i o n  

unde r  d i s c u s s i o n ,  makes an a n g l e  of 20° w i t h  t h e  s a t e l l i t e  v e l o c i t y  

(1) t h e  n fH  r e s o n a n c e s  w i t h  h i g h  n 
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v e c t o r  - t h u s  a p o r t i o n  of o n e  d i p o l e  e l emen t  i s  v e r y  l i k e l y  i n  t h e  

wake of t h e  s a t e l l i t e  ( 2 )  t h e  f r e q u e n c y  of  o c c u r r e n c e  o f  t h e s e  r e s o n -  

a n c e s  i s  g r e a t e s t  when t h e  s a t e l l i t e  motion i s  a p p r o x i m a t e l y  ( w i t h i n  

4') p a r a l l e l  t o  B and t h u s  when one  a n t e n n a  i s  most  l i k e l y  i n  t h e  
A 

wake r e g i o n  ( Q U I  d a t a  o f  F i g u r e  9 1 ,  (3)  t h e  maximum d u r a t i o n  o f  t h e s e  

h i g h e r  harmonics  i s  less t h a n  T /2  ( F i g u r e  10) which s u g g e s t s  t h a t  re- 

sonan t  r a d i a t i o n  i s  r e c e i v e d  on one  e l emen t  o n l y ,  and ( 4 )  t h e  p o s i t i v e  

o f f s e t  obse rved  f o r  t h e  r e s o n a n c e s  w i t h  h i g h  n s u g g e s t s  t h a t  t h i s  

a n t e n n a  element  i s  i n  t h e  l o w  N s a t e l l i t e  wake r e g i o n  s i n c e  a p o s i t i v e  

f r e q u e n c y  s h i f t  i s  associated w i t h  a d e c r e a s e  o f  N ( see n = 4 ,  5 , and 

6 of F i g u r e  4 b ) .  The l a r g e  e r r o r s  a s s o c i a t e d  w i t h  t h e  n = 7 and 

n = 8 r e s o n a n c e s  i n  F i g u r e  4b l i m i t  t h e  i n t e r p r e t a t i o n  i n  t h e s e  cases. 

A d e f i n i t e  f r e q u e n c y  s h i f t  i s  o b s e r v e d ,  however ,  f o r  t h e  n = 7 r e s o n -  

a n c e  w i t h  h i g h  e l e c t r o n  d e n s i t y  between t h e  c o n d i t i o n s :  s h o r t  a n t e n n a  

n e a r l y  p a r a l l e l  t o  B ( lower p o i n t )  and s h o r t  a n t e n n a  n o t  p a r a l l e l  t o  

B ( u p p e r  p o i n t ) .  S i n c e  t h e  n = 7 r e s o n a n c e  i s  r e c e i v e d  on  t h e  l o n g  

4 

A 

a n t e n n a  (which i s  p e r p e n d i c u l a r  t o  t h e  s h o r t  a n t e n n a )  t h e  former con-  

d i t i o n ,  where no  p o s i t i v e  o f f s e t  i s  o b s e r v e d ,  c o r r e s p o n d s  t o  a re- 

c e i v i n g  a n t e n n a  o r i e n t a t i o n  n e a r l y  p e r p e n d i c u l a r  t o  t h e  sa te l l i t e  wake 

and t h e  l a t t e r  c o n d i t i o n ,  where a p o s i t i v e  o f f s e t  i s  observed, corre- 

sponds  t o  an  o f f - p e r p e n d i c u l a r  a n t e n n a  o r i e n t a t i o n .  

The obse rved  r e l a t ive  s h i f t  i n  t h e  r e s o n a n t  f r e q u e n c y  as a f u n c t i o n  

of t h e  harmonic number n ,  f o r  n 2 4 ,  i s  p r e s e n t e d  i n  F i g u r e  18 a f t e r  

. 

c o r r e c t i n g  f o r  t h e  above p o s i t i v e  o f f se t .  (The  r e s o n a n c e s  w i t h  n 2 8 

were each  s h i f t e d  by -4% i n  o r d e r  t o  o b t a i n  t h e  b e s t  agreement  w i t h  t h e  



- 33 - 

l o w e r  r e s o n a n c e s  a t  n = 4 ,  5 ,  6 ,  and 7 f o r  h i g h  N i n  F i g u r e  4b; t h e  

e n t i r e  set of r e s o n a n c e s  w a s  t h e n  a d j u s t e d  t o  make (BR-Bc) = 0 f o r  

n = 4.1 The o b s e r v a t i o n s  f o l l o w  t h e  e m p i r i c a l  r e l a t i o n s h i p  

where s ( n )  = ( n - 4 ) ( . 0 9  2 .02)(10-2) .  

i n c r e a s i n g  harmonic number n i s  n o t  p r e d i c t e d  by any  of t h e  e x i s t i n g  

t h e o r e t i c a l  t r e a t m e n t s  of t h e  A l o u e t t e  p lasma r e s o n a n c e  problem and i t  

a p p e a r s  t h a t  a mechanism o t h e r  t han  wave d i s p e r s i o n  may be i n v o l v e d .  

T h i s  n e g a t i v e  f r e q u e n c y  s h i f t  w i t h  

The d i s p e r s i o n  t h e o r i e s  do  p r e d i c t  r e l a t i v e l y  l a r g e  f r e q u e n c y  s h i f t s  

w i t h  v a r i a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  N f o r  t h e  n f H  r e s o n a n c e s  w i t h  

n < 4 ,  i . e . ,  i n  t h e  f r e q u e n c y  r a n g e  of t h e  u p p e r - h y b r i d  f r e q u e n c y  fT .  

The c r i t i c a l  r e s o n a n c e  i n  t h e  p r e s e n t  a n a l y s i s  i s  f o r  n = 3 i n  t h e  low- 

l a t i t u d e  d a t a  s i n c e  i t  a l o n e  sa t i s f ies  t h e  c r i t i c a l  c o n d i t i o n  f T w  f n  

(see d i s c u s s i o n  p e r t a i n i n g  t o  ( 6 ) ) .  The obse rved  f r e q u e n c y  s h i f t  f o r  

t h i s  r e s o n a n c e  ( F i g u r e  4b) i s  i n  t h e  same d i r e c t i o n  as  i n t e r p r e t e d  from 

t h e  c u r v e s  g i v e n  by Shka ro f sky  ( F i g u r e  6 ,  1966) , w h i c h  c o r r e s p o n d  LO r q k  

match ing  of n o n - l o n g i t u d i n a l  wave group v e l o c i t i e s  t o  t h e  s a t e l l i t e  

v e l o c i t y ,  b u t  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  as  i n t e r p r e t e d  from similar 

ma tch ing  c o n d i t i o n s  f o r  l o n g i t u d i n a l  waves based  on t h e  e l ec t ros t a t i c  

approx ima t ion  d i s p e r s i o n  c u r v e s  o f  F igu re  17. The similar f r e q u e n c y  

s h i f t  obse rved  f o r  t h e  n = 2 resonance  i n  t h e  h i g h - l a t i t u d e  d a t a  of 

F i g u r e  4b i s  more d i f f i c u l t  t o  i n t e r p r e t  b e c a u s e  t h e  ma tch ing  c o n d i t i o n s  

f o r  l o n g i t u d i n a l  and n o n - l o n g i t u d i n a l  waves b o t h  a p p e a r  t o  be  i m p o r t a n t  

( S h k a r o f s k y  and J o h n s t o n ,  1965;  Shka ro f sky ,  I?. 6 2 ,  1966) and t h e  c r i t i c a l  
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c o n d i t i o n  fT  

s h i f t  f o r  t h i s  r e s o n a n c e  i s  i n  t h e  same d i r e c t i o n  as p r e d i c t e d  by t h e  

e lec t ros ta t ic  approximat ion ,where  p o s i t i v e  s h i f t s  are e x p e c t e d  w i t h  

a n  i n c r e a s e  i n  N when f T  # f n  ( F e j e r  and C a l v e r t ,  eq. 30, 19641, whereas  

t h e  observed  s h i f t s  f o r  t h e  n = 4 ,  5 , and 6 r e s o n a n c e s  are i n  t h e  

o p p o s i t e  d i r e c t i o n .  

f n  i s  n e v e r  s a t i s f i e d  ( F i g u r e  8 ) .  The obse rved  f r e q u e n c y  

B a r r i n g t o n  and Herzberg  (1966)  i n v e s t i g a t e d  many ionograms i n  t h e  

a m p l i t u d e  vs . t ime fo rma t  i n  a n  a t t e m p t  t o  d e t e c t  d e v i a t i o n s  from t h e  h a r -  

monic r e l a t i o n  f n  = nfH and f r e q u e n c y  s h i f t s  a s s o c i a t e d  w i t h  t h e  c r i t i c a l  

c o n d i t i o n  f T m  nfH. No s h i f t  w a s  obse rved  i n  any  one case,  t h e  minimum 

d e t e c t a b l e  s h i f t  b e i n g  1%. The p r e s e n t  a n a l y s i s  a t t a i n s  a h i g h e r  

a c c u r a c y  by a v e r a g i n g  t h e  d a t a  from many s a t e l l i t e  p a s s e s  th rough  small 

r e g i o n s  on m a g n e t i c a l l y  q u i e t  d a y s .  

Magnetic f i e l d  r e f e r e n c e  l eve l .  The obse rved  d e v i a t i o n s  of t h e  

nfH r e s o n a n t  f r e q u e n c i e s  f rom t h e i r  harmonic v a l u e s  i n t r o d u c e s  t h e  p ro -  

blem of de te rmin ing  t h e  r e s o n a n c e  o f  minimum f r e q u e n c y  s h i f t  f o r  magnet ic  

f i e l d  c a l c u l a t i o n s .  A compar ison  between t h e  GSFC(9/65) r e f e r e n c e  f i e l d  

u s e d  i n  t h i s  work and t h e  r e c e n t  GSFC(12/66) r e f e r e n c e  f i e l d ,  which i n -  

c l u d e s  d a t a  from t h e  OGO-2 s a t e l l i t e ,  ( J .  C .  C a i n ,  p e r s o n a l  communicat ion,  

1967) i n d i c a t e s  t h a t  t h e  z e r o  l e v e l s  i n  F i g u r e  4 shou ld  be m o d i f i e d  

as f o l l o w s :  lowered by 3y i n  r e g i o n  l ( B P O ) ,  lowered by 9y i n  r e g i o n  2 

(AGA-SNT) , and raised by ly i n  r e g i o n  3 (GFO). The p r o b a b l e  error  

a s s o c i a t e d  with t h i s  f i e l d  i n  t h e  above r e g i o n s  i s  - + 2 9 ;  e x t r a p o l a t e d  

r o c k e t  measurements of t h e  magne t i c  f i e l d  Over Wallops I s l a n d ,  V i r g i n i a  

(38ON, 7 5 O W )  d u r i n g  p e r i o d s  of l o w  magne t i c  a c t i v i t y  (Davis ,  e t  a l ,  1965) 
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are c o n s i s t e n t  w i t h i n  t h e s e  e r r o r  l i m i t s .  The c o n s i s t e n t  r e s o n a n t  

f r e q u e n c i e s  are f 3  when f e  f 3  (GFO, BPO, and low N AGA-SNT d a t a  - see 

F i g u r e  8) and f 2  when f T  > f 2  (AGA-SNT d a t a ) .  

An a l t e r n a t e  i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  f r e q u e n c y  s h i f t  w i t h  

harmonic number i n  t h e  l o w - l a t i t u d e  r e g i o n  i s  t h a t  t h e  r e f e r e n c e  f i e l d  

i s  i n  e r r o r  by 3% and t h a t  t h e  r e sonance  a t  n = 12 c o r r e s p o n d s  t o  t h e  

n o n - s h i f t e d  c o n d i t i o n .  The f r equency  s h i f t s  are t h e n  p o s i t i v e  f o r  t h e  

r e m a i n i n g  ha rmon ics  and l a r g e s t  f o r  t h e  lower n v a l u e s  down t o  n = 4. 

The f r e q u e n c y  s h i f t s  t h e n  a p p e a r  more r e a s o n a b l e  f ronl t h e  d i s p e r s i o n  

t h e o r y  p o i n t - o f - v i e w  e x c e p t  f o r  t h e  n=2 and n=3 r e s o n a n c e s  where t h e  

l a r g e s t  s h i f t s  would be  expec ted .  The p o s i t i o n  t a k e n  i n  t h i s  p a p e r  i s  

t h a t  t h e  r e f e r e n c e  f i e l d  i s  n o t  i n  e r r o r  by t h i s  amount and t h a t  t h e  

n=3 r e s o n a n c e  f o r  low N i n  t h e  l o w - l a t i t u d e  d a t a  e x p e r i e n c e s  t h e  min i -  

mum f r e q u e n c y  s h i f t  . 
Wave g roup  v e l o c i t y .  The long  t i m e  d u r a t i o n s  obse rved  f o r  some of 

t h e  plasma r e s o n a n c e s  h a s  been a t t r i b u t e d  t o  plasma waves w i t h  g roup  

~ ~ ; ~ ; l t i e s  zatched tz t h e  c a t o l l i t p  v e l o c i t v  ( S h k a r o f s k y  and J o h n s t o n ,  

1965). It  i s  o n l y  n e c e s s a r y  t o  invoke t h i s  ma tch ing  r e q u i r e m e n t  when 

t h e  r e s o n a n t  d u r a t i o n  exceeds  t h e  t i m e  T ,  s i n c e  t h e  r e s o n a n c e s  of s h o r t e r  

d u r a t i o n  can  be  a t t r i b u t e d  t o  t h e  e x c i t a t i o n  of plasma waves of n e a r l y  

z e r o  group v e l o c i t y  around t h e  an tenna .  

d u r a t i o n  i s  de te rmined  by t h e  t i m e  r e q u i r e d  f o r  t h e  a n t e n n a  t o  move 

t h r o u g h  t h e  r e g i o n  of o r i g i n a l  e x c i t a t i o n  ( S t u r r o c k ,  1965). T h i s  l i n e  

of r e a s o n i n g  can  be ex tended  t o  i n c l u d e  t h e  r e s o n a n c e s  of l o n g e r  

d u r a t i o n  by assuming a r e g i o n  of o r i g i n a l  e x c i t a t i o n  l a r g e r  t h a n  t h e  

d imens ions  of t h e  a n t e n n a .  

I n  t h i s  case t h e  r e s o n a n t  
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I f  i t  i s  assumed t h a t  a r e s o n a n c e  of l ong  d u r a t i o n  ( i . e . ,  g r e a t e r  

t h a n  T) c o r r e s p o n d s  t o  t h e  above matching between wave g roup  v e l o c i t y  

and s a t e l l i t e  v e l o c i t y ,  t h e n  a n  i n s p e c t i o n  of  F i g u r e  10 i n d i c a t e s  t h a t  

o n l y  t h e  n f H  r e s o n a n c e s  a t  n = 2 ,  3 ,  and 4 i n  t h e  low l a t i t u d e  r e g i o n s  

(AGA-SNT and QUI) and t h o s e  a t  n = 1 and 2 i n  t h e  h i g h  l a t i t u d e  r e g i o n s  

(RES and GFO) s a t i s f y  t h i s  c o n d i t i o n .  S i m i l a r l y ,  t h e  r e s o n a n c e s  a t  

fN and f T  s a t i s f y  t h i s  c o n d i t i o n  i n  t h e  low and h i g h  l a t i t u d e  r e g i o n s ,  

r e s p e c t i v e l y  ( F i g u r e  11). I f  t h e s e  plasma waves have  a p r e f e r r e d  

d i r e c t i o n  of p r o p a g a t i o n  w i t h  r e s p e c t  t o  B t h e n  one would e x p e c t  t h e  

o b s e r v e d  r e s o n a n t  d u r a t i o n  t o  be dependent  on t h e  a n g l e  $ between B 

and V,; t h e  long and s h o r t  d u r a t i o n  of a g i v e n  r e s o n a n c e  b e i n g  obse rved  

when t h e  s a t e l l i t e  t ravels  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  p r o p a g a t i n g  

plasma wave, r e s p e c t i v e l y .  

i s  g r e a t e s t  when t h e  sa te l l i te  t r a v e l s  n e a r l y  p a r a l l e l  t o  B;  t h e  r e s o n a n c e  

i s  n o t  obse rved  when t h e  sa te l l i t e  t r a v e l s  n e a r l y  p e r p e n d i c u l a r  t o  B. 

Thus V i s  approx ima te ly  p a r a l l e l  t o  B f o r  t h e  plasma wave a s s o c i a t e d  

w i t h  fN and t h e  component of  r e s o n a n t  r a d i a t i o n  w i t h  V 

The maximum d u r a t i o n  of t h e  f T  r e s o n a n c e  i s  g r e a t e s t  when t h e  s a t e l l i t e  

t r a v e l s  n e a r l y  p e r p e n d i c u l a r  t o  B and d r o p s  t o  t h e  v a l u e  of  TL ( see  T a b l e  1) 

when t h e  s a t e l l i t e  t ravels  n e a r l y  p a r a l l e l  t o  B. Thus V i s  a p p r o x i m a t e l y  

p e r p e n d i c u l a r  t o  f o r  t h e  plasma wave a s s o c i a t e d  w i t h  f T ,  and t h e  

component o f  r a d i a t i o n  w i t h  V 0 i s  s i g n i f i c a n t .  The t r e n d  of t h e  

3f 

w i t h  t h i s  r e sonance  i s  d i r e c t e d  a p p r o x i m a t e l y  p a r a l l e l  t o  B r a t h e r  

t h a n  p e r p e n d i c u l a r  t o  %' as would be  e x p e c t e d  from t h e  t h e o r e t i c a l  

work o f  F e j e r  and C a l v e r t  (1964) which i s  based on t h e  e l e c t r o s t a t i c  

2 

a 

.A 

The maximum d u r a t i o n  of  t h e  f N  r e s o n a n c e  
z 

A 

A A 

g 
2 

0 i s  n e g l i g i b l e .  g =  

A 

A A 

g 
3 
B 

.A 

8 %  

d a t a  i n d i c a t e s  t h a t  t h e  group v e l o c i t y  o f  t h e  plasma wave a s s o c i a t e d  H 
2 
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a p p r o x i m a t i o n .  The r e s o n a n c e s  a t  n 2 5 a s s o c i a t e d  w i t h  t h e  waves 

of n e a r l y  z e r o  group v e l o c i t y  at tain t h e i r  maximum d u r a t i o n s  when 

t h e  s a t e l l i t e  t r a v e l s  n e a r l y  p a r a l l e l  t o  B. T h i s  i s  t o  be  e x p e c t e d  

s i n c e  t h e  f a v o r a b l e  a n t e n n a  o r i e n t a t i o n  f o r  t h e  e x c i t a t i o n  of t h e s e  

waves i s  p a r a l l e l  t o  8 (Lockwood, 1965) and t h u s  t h e  a n t e n n a  r e q u i r e s  

a l o n g e r  t i m e  t o  move th rough  t h e  r e g i o n  of o r i g i n a l  e x c i t a t i o n .  The 

r e s o n a n c e  a t  n = 4 seems t o  r e p r e s e n t  a t r a n s i t i o n  between t h e  c o n d i t i o n s  

of  Vg e Vs and V 0 ( s i n c e  d u r a t i o n s  i n  e x c e s s  of  TL are n o t  common) , 

w i t h  V d i r e c t e d  ma in ly  a l o n g  B. The plasma wave a s s o c i a t e d  w i t h  n = 2 

i s  n o t  r e s t r i c t e d  t o  e i t h e r  of  t h e  parallel  o r  p e r p e n d i c u l a r  p r o p a g a t i o n  

c o n d i t i o n s .  

t r a v e l s  n e a r l y  p e r p e n d i c u l a r  t o  73; i n s t r u m e n t a l  l i m i t a t i o n s  p r e v e n t  

i t s  o b s e r v a t i o n  when t h e  s a t e l l i t e  travels n e a r l y  p a r a l l d l  t o  B. 

2 

a A .a 

g =  
A 

g 

The wave a s s o c i a t e d  with fH i s  obse rved  when t h e  sa te l l i te  

2 

I f  i t  i s  assumed t h a t  t h e  r e sonances  of long  d u r a t i o n  s imply  c o r -  

r e spond  t o  a l a r g e r  r e g i o n  of o r i g i n a l  e x c i t a t i o n ,  t h e n  t h e  d a t a  p r e s e n t e d  

i n  F i g u r e  11 can be i n t e r p r e t e d  i n  terms of  t h e  shape of  t h i s  e x c i t a t i o n  

r e g i o n .  The e l e c t r o n  plasma resonance a t  f N  c o r r e s p o n d s  t o  a narrow 

r e g i o n  e l o n g a t e d  a l o n g  E, t h e  u p p e r - h y b r i d  r e s o n a n c e  c o r r e s p o n d s  t o  a 

r e l a t i v e l y  wide ( d i m e n s i o n s  o f  t h e  o r d e r  of  t h e  long a n t e n n a )  r e g i o n  

e l o n g a t e d  p e r p e n d i c u l a r  t o  B ,  t h e  2fH r e s o n a n c e  c o r r e s p o n d s  t o  a r o u g h l y  

symmet r i ca l  r e g i o n  w i t h  d imens ions  s l i g h t l y  l a r g e r  t h a n  t h e  long a n t e n n a ,  

and t h e  n f H  r e s o n a n c e s  w i t h  n 2 3 cor re spond  t o  narrow r e g i o n s  (smaller 

d i m e n t i o n s  a s s o c i a t e d  w i t h  h i g h e r  n v a l u e s )  e l o n g a t e d  a l o n g  B. 

2 

A 
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The ear l ie r  assumpt ion  of t r a v e l i n g  waves keep ing  up  w i t h  t h e  

s a t e l l i t e  a p p e a r s  t o  be more c o n s i s t e n t  w i t h  t h e  d a t a  f o r  t h e  f o l l o w i n g  

r e a s o n s :  (1) t h e  long  t i m e  d u r a t i o n s  a s s o c i a t e d  w i t h  t h e  fN and f T  re- 

sonances  would r e q u i r e  e l o n g a t e d  d imens ions  o f  t h e  o r d e r  of t h r e e  

a n t e n n a  l e n g t h s  - or more - f o r  t h e  o r i g i n a l  e x c i t a t i o n  r e g i o n ,  ( 2 )  t h e  

l a c k  of  o b s e r v a t i o n s  of  t h e  f N  r e s o n a n c e  i n  t h e  RES d a t a  - s a t e l l i t e  

motion approx ima te ly  ( w i t h i n  2 O )  p e r p e n d i c u l a r  t o  B - i m p l i e s  d imens ions  

o f  t h e  o r d e r  of 5 m o r  less  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  B ( t h e  

s a t e l l i t e  v e l o c i t y  i s  7 . 3  m / m s e c  and a r e s o n a n c e  o f  t h e  o r d e r  of 0 .7  

msec c a n  be d e t e c t e d )  , and ( 3 )  t h e  d i r e c t i o n  of t h e  f r e q u e n c y  s h i f t  o f  

t h e  3 f H  r e sonance  n e a r  t h e  c r i t i c a l  c o n d i t i o n  of 3 f H =  f T  a g r e e s  w i t h  

t h e  t h e o r e t i c a l  work based  on matching  Vg t o  Vs.  

'2 

A 

2 -L 

Region of o r i g i n a l  e x c i t a t i o n .  The l a c k  of s e r i o u s  magnet ic  con-  

t a m i n a t i o n  from t h e  s p r i n g  s tee l  a n t e n n a s  d e f i n i t e l y  i n d i c a t e s  t h a t  t h e  

e x c i t a t i o n  r e g i o n  i s  no t  c o n f i n e d  t o  t h e  s h e a t h  r e g i o n  s u r r o u n d i n g  them. 

Thus ,  from t h e  p o i n t - o f - v i e w  of t h e  p r e s e n t  d i s c u s s i o n  i t  i s  f o r t u n a t e  

t h a t  t h e  an tenna  e l e m e n t s  were n o t  composed of a non-magnet ic  material - 

as t h e y  would have been i f  t h e  expe r imen t  w a s  d e s i g n e d  f o r  measu r ing  

t h e  magnet ic  f i e l d  by o b s e r v i n g  c y c l o t r o n - h a r m o n i c  plasma r e s o n a n c e s .  

The observed  r e s t r i c t e d  time d u r a t i o n s  of t h e  r e s o n a n c e s  i n d i c a t e s  t h a t  

t h i s  e x c i t a t i o n  r e g i o n  d o e s  n o t  ex tend  beyond s e v e r a l  a n t e n n a  l e n g t h s  

f rom t h e  s a t e l l i t e .  The maximum obse rved  t i m e  d u r a t i o n  f o r  t h e  re- 

sonances  a t  n=5 and 6 are e q u a l  t o  TL, t h e  s h o r t e r  d u r a t i o n  t i m e s  f o r  

t h e  r e sonances  a t  n > 6 c a n  be  a t t r i b u t e d  t o  a smaller r e s o n a n t  r e g i o n  

o r  t o  t h e  l a c k  of  optimum a n t e n n a  o r i e n t a t i o n  ( F i g u r e s  10 and 11). I n  
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. 
t h e  h i g h - l a t i t u d e  r e g i o n s  t h e  s h o r t  t i m e  d u r a t i o n s  f o r  t h e  h i g h e r  n f H r e s o n a n c e s  

i n d i c a t e s  t h a t  t h e  e x c i t a t i o n  r e g i o n  h a s  a c y l i n d r i c a l  geometry  a round  

t h e  a n t e n n a .  When t h e  a n t e n n a  i s  o r i e n t e d  a p p r o x i m a t e l y  p a r a l l e l  t o  

B ,  f o r  f a v o r a b l e  e x c i t a t i o n  of t h e s e  r e s o n a n c e s ,  t h e  s a t e l l i t e  motion 

i s  a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  t h e  a n t e n n a  and q u i c k l y  moves th rough  

t h e  r e s o n a n t  r e g i o n  which i s  of t h e  o r d e r  of 7m o r  less i n  r a d i u s  f o r  

a r e s o n a n c e  p e r s i s t i n g  f o r  less t h a n  1 msec. 

A 

The agreement  of t h e  obse rved  va lue  of t h e  e l e c t r o n  plasma re-  

s o n a n t  f r e q u e n c y  f N  w i t h  t h e  c a l c u l a t e d  v a l u e s  ( b a s e d  on t h e  n% r e s o n a n c e s ,  

t h e  f T  r e s o n a n c e ,  and  t h e  e x i t  f r e q u e n c i e s  f x  and f,) i n d i c a t e s  t h a t  t h e  

e x c i t a t i o n  r e g i o n  a s s o c i a t e d  w i t h  t h i s  r e s o n a n c e  i s  a lso n o t  c o n f i n e d  

t o  t h e  a n t e n n a  s h e a t h  r e g i o n .  

S p e c t r a l  r e s p o n s e  c u r v e s .  An e s t i m a t e  of  t h e  n a t u r a l  s p e c t r a l  

w i d t h  of t h e  n f H  plasma r e s o n a n c e s  can be o b t a i n e d  from t h e  s p e c t r a l  

r e s p o n s e  c u r v e s  of F i g u r e  13. As mentioned i n  c o n n e c t i o n  w i t h  t h e  d i s -  

c u s s i o n  of magnet ic  c o n t a m i n a t i o n ,  t h e  wide  f r e q u e n c y  r a n g e  o v e r  which 

a g i v e n  n f H  plasma r e s o n a n c e  i s  obse rvea  i s  aEErib! i reu L O  L i l t :  L ~ L C ~ L ~ U ~ L  

of s i d e - b a n d s  of t h e  t r a n s m i t t e d  100 p s e c  p u l s e  w i t h i n  t h e  bandwidth of 

t h e  receiver .  The anomalous r e sonan t  p u l s e s  of  s h o r t  d u r a t i o n  obse rved  

w i t h i n  a g i v e n  r e s o n a n t  series of  p u l s e s  ( F i g u r e  13a) are a t t r i b u t e d  t o  

a c o n d i t i o n  when t h e  r e s o n a n t  f r equency  i n  t h e  medium c o i n c i d e s  w i t h  a 

n u l l - p o i n t  i n  t h e  f r e q u e n c y  spectrum of  t h e  t r a n s m i t t e d  p u l s e .  The 

l a r g e  scatter obse rved  on t h e  normal ized  s p e c t r a l  r e s p o n s e  c u r v e s  of 

F i g u r e s  13 b - i  i s  a l s o  a t t r i b u t e d  t o  t h i s  c o n d i t i o n .  

imply  a n a t u r a l  s p e c t r a l  w i d t h  of  l e s s  t h a n  10 k c / s  f o r  t h e  nfH r e s o n a n c e s .  

These  o b s e r v a t i o n s  
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The f r e q u e n c y  r e s p o n s e  of t h e  f N  and f T  r e s o n a n c e s  w a s  n o t  i n v e s t i g a t e d  

( t h e  f r e q u e n c i e s  i n  t h e s e  cases undergo  c o n s i d e r a b l e  v a r i a t i o n s  i n  a n y  

g i v e n  r eg ion  and a c o r r e c t i o n  f o r  t h e  f r e q u e n c y  r e s p o n s e  of t h e  sounder  

would be r e q u i r e d  i n  any  n o r m a l i z a t i o n  p r o c e d u r e ) .  

v a t i o n s  of plasma r e s o n a n c e s ,  however, i n d i c a t e  a n a t u r a l  s p e c t r a l  

w i d t h  much less t h a n  10 k c / s  f o r  t h e  f N  r e s o n a n c e  (Calvert  and Van Z a n d t ,  

1966) .  

E x p l o r e r  20 obser- 

An estimate o f  t h e  ene rgy  r e q u i r e d  t o  e x c i t e  t h e  r e s o n a n t  r a d i a t i o n  

c a n  a lso be o b t a i n e d  from’ t h e  above o b s e r v a t i o n s .  

as h i g h  as t h e  s e v e n t h  are obse rved  t o  be i m p o r t a n t ;  t h e  c o r r e s p o n d i n g  

t r a n s m i t t e d  ene rgy  i s  down by 27 d b  from t h e  main s p e c t r a l  component 

of t h e  100 w a t t ,  100 p s e c  p u l s e .  Thus a t r a n s m i t t e d  ene rgy  of less  

t h a n  0.2 w i s  s u f f i c i e n t  t o  i n i t i a t e  t h e  plasma r e s o n a n c e s  o b s e r v e d  a t  

fN ,  f T ,  and nfH w i t h  n v a l u e s  up  t o  5 ;  s l i g h t l y  more ene rgy  may be re-  

q u i r e d  f o r  t h e  h i g h e r  n v a l u e s  where o n l y  t h r e e  o r  f o u r  f r e q u e n c y  s i d e  

l o b e s  i n i t i a t e  t h e  obse rved  p lasma r e s o n a n c e s .  (The  above power e s t i -  

mate i s  a n  uppe r  l i m i t  because  a p e r f e c t l y  r e c t a n g u l a r  p u l s e  i s  assumed.) 

La rge  p e r i o d i c  a m p l i t u d e  

Frequency  s i d e  lobes 

f N  and fT p e r i o d i c  a m p l i t u d e  f l u c t u a t i o n s .  

f l u c t u a t i o n s  are obse rved  d u r i n g  t h e  decay  o f  t h e  fN and f T  r e s o n a n c e s  

o n l y  when t h e  s a t e l l i t e  i s  moving n e a r l y  p a r a l l e l  t o  t h e  p r o p a g a t i o n  

d i r e c t i o n  of t h e  plasma waves associated w i t h  t h e s e  r e s o n a n c e s  ( F i g u r e  

1 6 ) ;  t h e  f l u c t u a t i o n s  are smaller and  of a n o n - p e r i o d i c  n a t u r e  when 

t h e s e  c o n d i t i o n s  are n o t  s a t i s f i e d .  S i n c e  t h e s e  waves are c o n s i d e r e d  

t o  be  l o n g i t u d i n a l  waves ( F e j e r  and Ca lve r t ,  1 9 6 4 ) ,  t h e  i m p l i c a t i o n s  

are t h a t  s t r o n g  p e r i o d i c  a m p l i t u d e  f l u c t u a t i o n s  are o b s e r v e d  o n l y  when 

t h e  o b s e r v a t i o n  p o i n t  moves i n  n e a r l y  t h e  same d i r e c t i o n  as t h e  o s c i l l a t i o n s  
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2 

I of E .  The t h e o r e t i c a l  work of Deering and F e j e r  (1965)  i n d i c a t e s  t h a t  

l a r g e  v a r i a t i o n s  i n  t h e  r e c e i v e d  f i e l d  s t r e n g t h  of  t h e  f N  and  f T  r e s o n -  
~ * *  

l a n c e s  c a n  be  expec ted  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  k when long  a n t e n n a s  

I -  are employed. These  v a r i a t i o n s ,  which o r i g i n a t e  i n  a phase - t e rm t h a t  

I d e p e n d s  on d i s t a n c e ,  are expec ted  t o  be most prominent  i F  t h e  la ter  

I p o r t i o n  of t h e  r e s o n a n t  s i g n a l .  They also f i n d  t h a t  t h e  wave numbers 

I c o r r e s p o n d i n g  t o  a g roup  v e l o c i t y  equa l  t o  t h e  s a t e l l i t e  v e l o c i t y  con-  

I t r i b u t e  s u b s t a n t i a l l y  t o  t h e  f i e l d .  The above t h e o r e t i c a l  t r e a t m e n t ,  

I which i s  based  on the. e lec t ros ta t ic  a p p r o x i m a t i o n ,  a p p e a r s  t o  be  v e r y  

c o n s i s t e n t  w i t h  t h e  p r e s e n t  o b s e r v a t i o n s  of t h e  f N  and f T  r e s o n a n c e s ,  

whereas  (as d i s c u s s e d  earlier) t h e  e lectrostat ic  approx ima t ion  a p p e a r s  

~ t o  be  i n c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  of  t h e  3fH re sonance .  The 

a m p l i t u d e  f l u c t u a t i o n s  obse rved  o n  t h e  A l o u e t t e  I plasma r e s o n a n c e s  

a p p e a r  as a " f r i n g e - p a t t e r n "  on t h e  plasma r e s o n a n c e s  obse rved  by t h e  

E x p l o r e r  20 f i x e d - f r e q u e n c y  t o p s i d e - s o u n d e r  ( C a l v e r t  and Van Z a n d t ,  

1966) .  

Conc l u s i o n s  

The main c o n c l u s i o n s  i n f e r r e d  from t h e  p r e s e n t  a n a l y s i s  of A l o u e t t e  

I plasma r e s o n a n c e  o b s e r v a t i o n s  are g i v e n  below (many d e t a i l s  o f  t h e  

o b s e r v a t i o n s  summarized i n  t h e  ' o b s e r v a t i o n s '  s e c t i o n  are n o t  r e p e a t e d  

i n  t h i s  l i s t ;  s i m i l a r l y ,  comments such as ' p r e v i o u s '  o r  ' e a r l i e r '  refer 

t o  work o t h e r  t.han t h e  a u t h o r ' s  which has been r e f e r e n c e d  earlier and  

i s  n o t  r e p e a t e d  h e r e )  : 

1. Frequency  s h i f t s .  The magnet ic  f i e l d  deduced from t h e  obse rved  

c y c l o t r o n  harmonic plasma r e s o n a n t  f r e q u e n c i e s  i s  a f u n c t i o n  
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of t h e  harmonic number n and t h e  e l e c t r o n  d e n s i t y  N .  The d e -  

pendence on  n i s  most a p p a r e n t  i n  t h e  data  from t h e  l o w  l a t i -  

t u d e  r e g i o n  (AGA-SNT, F i g u r e  4) where r e s o n a n c e s  are o b s e r v e d  

c o r r e s p o n d i n g  t o  h i g h  n v a l u e s  and where a more r e l i a b l e  re- 

f e r e n c e  f i e l d  i s  a v a i l a b l e .  The obse rved  r e s o n a n t  f r e q u e n c y  

s h i f t s ,  w i t h  r e s p e c t  t o  n and N ,  a re  c o n s i d e r a b l y  d i f f e r e n t  

f o r  t h e  r e s o n a n c e s  a t  n=2 and n=3 t h a n  f o r  t h o s e  a t  n24 i n  

t h i s  r e g i o n .  The n=2 r e sonance  i n  t h e  h i g h  l a t i t u d e  r e g i o n  

e x p e r i e n c e  a f r e q u e n c y  s h i f t  w i t h  N s imilar t o  t h e  n=3 r e s o n -  

ance i n  t h e  l o w  l a t i t u d e  r e g i o n s .  T h i s  anomalous b e h a v i o r  o f  

t h e  n=2 and n=3 r e s o n a n c e s  ( r e l a t i v e  t o  t h e  h i g h e r  harmonics)  

i s  a t t r i b u t e d  t o  t h e  large v a r i a t i o n s  i n  t h e i r  r e s p e c t i v e  wave 

d i s p e r s i o n  c u r v e s  as t h e  u p p e r - h y b r i d  f r e q u e n c y  varies from 

low v a l u e s  up  t o  t h e  r a n g e  o f  3 f H .  

quency s h i f t  o f  f 3  as f T  changes  from f T  < f 3  t o  f T >  €3 a g r e e s  

w i t h  p r e v i o u s  t h e o r e t i c a l  work based  on matching  V 

t h e  f u l l  e l e c t r o m a g n e t i c  e q u a t i o n s  are used  b u t  i s  e x a c t l y  

o p p o s i t e  t o  p r e d i c t i o n s  based  on  t h e  e l e c t r o s t a t i c  approx ima t ion  

t o  t h e  d i s p e r s i o n  e q u a t i o n .  

approximat ion  p r e d i c t s  an  i n c r e a s e  i n  f n  w i t h  N ;  t h i s  i n c r e a s e  

i s  obse rved  when f T  > f n  b u t  a decrease i s  o b s e r v e d  when f T  < f,. 

T h e  l i n e a r  f r e q u e n c y  s h i f t  of t h e  h i g h e r  f n  r e s o n a n c e s  r e l a t i v e  

t o  t h e  n=4 r e sonance  i s  g i v e n  by t h e  e m p e r i c a l  r e l a t i o n  

f n = n 4 [ l  - c ( n ) ]  where c ( n )  = ( n - 4 ) ( 0 . 0 9  5 . 0 2 ) ( 1 0 - 2 ) a n d  

n 2 4 ( F i g .  18). 

The d i r e c t i o n  of  t h e  f re -  

2 2 

t o  Vs when 
g 

When f T  + f n ,  t h e  e l ec t ros t a t i c  

f 

T h i s  e q u a t i o n  i s  o b t a i n e d  a f t e r  c o r r e c t i n g  f o r  t h e  
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2. 

p o s i t i v e  f r e q u e n c y  o f f  set  observed  between n=7 and n=8 which 

i s  a t t r i b u t e d  t o  a wake e f f e c t  and i s  d i s c u s s e d  i n  i t e m  5 

below. Magnet ic  c o n t a m i n a t i o n  from t h e  s a t e l l i t e  o r  i t s  

a n t e n n a s  i s  n o t  c o n s i d e r e d  t o  be t h e  cause of t h i s  n e g a t i v e  

f r e q u e n c y  s h i f t  - which i s  n o t  p r e d i c t e d  by e x i s t i n g  d i s p e r -  

s i o n  t h e o r y .  R a t h e r ,  i t  appea r s  t h a t  a mechanism o t h e r  t h a n ,  

o r  i n  a d d i t i o n  t o ,  wave d i s p e r s i o n  i s  r e s p o n s i b l e  f o r  t h e  

obse rved  f r e q u e n c y  s h i f t  . 
Matching  g roup  v e l o c i t y  t o  s a t e l l i t e  v e l o c i t y .  If one  assumes 

t h a t  t h e  ma tch ing  of t h e  wave group v e l o c i t y  t o  t h e  sa te l l i t e  

v e l o c i t y  i s  r e q u i r e d  t o  e x p l a i n  t h e  obse rved  r e s o n a n t  d u r a t i o n s  

i n  e x c e s s  of t h e  time T ( see  Table  1) t h e n  t h e  r e s o n a n c e s  ob- 

s e r v e d  a t  f N ,  f T ,  f H ,  2fH) and 3fH are a s s o c i a t e d  w i t h  t h i s  

ma tch ing  c o n d i t i o n  w h i l e  t h o s e  a t  nf w i t h  n 5: 5 are a s s o c i a t e d  

w i t h  plasma waves w i t h  n e a r  ze ro  g roup  v e l o c i t y ;  t h e  r e s o n a n c e  

a t  n = 4 a p p e a r s  t o  be i n  t r a n s i t i o n  between t h e s e  t w o  cases 

( F i g u r e s  i u  ana  i i j .  

g i v e n  r e s o n a n c e  i s  i n f e r r e d  from t h e  v a r i a t i o n  of t h e  r e s o n a n t  

d u r a t i o n  between t h e  extreme c o n d i t i o n s  of s a t e l l i t e  motion 

H 

_I i n e  a i r e c L i o n  of wave p r o p a g a r i o n  :or a 

p e r p e n d i c u l a r  t o  t h e  e a r t h ' s  magnet ic  f i e l d  ( F i g u r e  11). 

o c i t y  i s  p redomina te ly  p e r p e n d i c u l a r  t o  B f o r  t h e  

and p redomina te ly  p a r a l l e l  t o  B f o r  t h e  fN and 

A d e f i n i t e  p ropaga t ion  d i r e c t i o n  c a n n o t  3fH r e s o n a n c e s .  

b e  e s t a b l i s h e d  f o r  t h e  2 f H  resonance  which i s  obse rved  

s t r o n g l y  in a l l  r e g i o n s .  The f H  r e s o n a n c e  i s  s t r o n g  

i n  t h e  h i g h  l a t i t u d e  r e g i o n s  b u t  s u f f e r s  from i n s t r u m e n t a l  

p a r a l l e l  and  

The group ve 

f T  r e s o n a n c e  
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l i m i t a t i o n s  i n  t h e  lower l a t i t u d e  r e g i o n s .  The r e s o n a n c e  a t  

f 

t h e  f r equency  r e s p o n s e  of t h e  sounder ;  t h i s  c o n d i t i o n  o c c u r s  

when the s a t e l l i t e  motion i s  p e r p e n d i c u l a r  t o  B and  i m p l i k s  

t h a t  t h e r e  i s  v e r y  l i t t l e  r e s o n a n t  r a d i a t i o n  w i t h  V 0 i n  

t h i s  case. The r e s o n a n c e  a t  f T ,  however ,  a p p e a r s  t o  have  a 

s i g n i f i c a n t  component o f  r a d i a t i o n  w i t h  V z 0.  

t h a t  t h e  r e s o n a n c e s  of  l ong  d u r a t i o n  are a s s o c i a t e d  w i t h  r e g i o n s  

of n e a r  z e r o  g roup  v e l o c i t y  plasma waves t h a t  do n o t  s a t i s f y  t h e  

above matching  c o n d i t i o n ,  t h e n  t h e  o b s e r v a t i o n s  of F i g u r e  11 

can be i n t e r p r e t e d  i n  terms of t h e  shape of  t h e s e  e x c i t a t i o n  

r e g i o n s  a l o n g  and p e r p e n d i c u l a r  t o  B. 

on t h e  shape  of t h e s e  r e g i o n s ,  however ,  are r a t h e r  severe. 

Also, t h e  obse rved  f r e q u e n c y  s h i f t  f o r  t h e  3 f H  r e s o n a n c e  

(near t h e  c r i t i c a l  c o n d i t i o n  3 f H z  f ) s u p p o r t s  t h e  t h e o r e t i c a l  

work based  on matching  t h e  wave group v e l o c i t y  t o  t h e  s a t e l l i t e  

v e l o c i t y .  

suppor t  t h i s  ma tch ing -concep t  as t h e  p r o p e r  i n t e r p r e t a t i o n  

of t h e  long  d u r a t i o n  r e s o n a n c e s .  

i s  t h e  o n l y  major r e s o n a n c e  obse rved  t o  d i s a p p e a r  w i t h i n  N 

a. 

-L 

g 

-L 

I f  o n e  assumes 
g 

a 
The r e s t r i c t i o n s  imposed 

T 

Thus i t  a p p e a r s  t h a t  t h e  p r e s e n t  o b s e r v a t i o n s  

3. Region of o r i p i n a l  e x c i t a t i o n .  The l a c k  of s e r i o u s  magne t i c  

con tamina t ion  from t h e  s p r i n g  s tee l  a n t e n n a  e l e m e n t s  on 

A l Q u e t t e  I and t h e  r e s t r i c t e d  t i m e  d u r a t i o n s  o f  t h e  r e s o n a n c e s  

a t t r i b u t e d  t o  plasma waves of  n e a r - a e r o  group v e l o c i t y  i m p l i e s  a 

r eg ion  of o r i g i n a l  e x c i t a t i o n  e x t e n d i n g  beyond t h e  a n t e n n a  

shea th  r e g i o n  b u t  n o t  beyond several a n t e n n a  l e n g t h s  from t h e  

sate 11 i t e. 
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4 .  P l a s m a  wave modes. The A l o u e t t e  I o b s e r v a t i o n s  of t h e  p lasma 

r e s c n a n c e s  a t  t h e  e l e c t r o n  plasma f r e q u e n c y  fN and t h e  upper -  

h y b r i d  f r equency  fT  are c o n s i s t e n t  w i t h  t h e  concep t  of l o n g i -  

t u d i n a l  plasma waves p r o p a g a t i n g  paral le l  and p e r p e n d i c u l a r  

t o  B , r e s p e c t i v e l y .  The ampl i tude  f l u c t u a t i o n s  obse rved  

d u r i n g  t h e  decay  of t h e s e  r e sonances  o f t e n  become p e r i o d i c  

when t h e  s a t e l l i t e  motion i s  n e a r l y  para l le l  t o  t h e  d i r e c t i o n  

o f  p lasma wave p r o p a g a t i o n  which, f o r  t h e s e  waves,  is i n  

t h e  same d i r e c t i o n  as t h e  o s c i l l a t i o n s  of E ( F i g u r e  1 6 ) .  

The o b s e r v a t i o n s  of t h e  plasma resonance  a t  3fH i n  t h e  re- 

g i o n  where 3fHWfT i n d i c a t e  t h a t  t h e  f u l l  e l e c t r o m a g n e t i c  

e q u a t i o n s  must be used  t o  o b t a i n  a s a t i s f a c t o r y  i n t e r p r e t a t i o n ;  

t h e  i n f e r r e d  wave p ropaga t ion  d i r e c t i o n  ( g r o u p  v e l o c i t y )  

and t h e  obse rved  f r equency  s h i f t  w i t h  v a r i a t i o n s  i n  f T  are 

c o n s i s t e n t  w i t h  t h e  above i n t e r p r e t a t i o n  b u t  are o p p o s i t e  

t o  e x p e c t a t i o n s  based on t h e  e l e c t r o s t a t i c  approximat ion  

t o  t h e  d i s p e r s i o n  e q u a t i o n  ( F i g u r e s 4 b  and 11). The i n t e r -  

p r e t a t i o n  of t h e  o t h e r  n f H  re sonances  i s  more d i f f i c u l t .  

The f r equency  s h i f t s  obse rved  with v a r i a t i o n s  i n  N a g r e e  

w i t h  t h e  e l e c t r o s t a t i c  approximat ion  f o r  n=2 b u t  n o t  f o r  

n 2 4 ;  n e g l i g a b l e  s h i f t s  a r e  p r e d i c t e d  f o r  t h e  n o n - l o n g i t u d i n a l  

waves e x c e p t  f o r  t h e  c r i t i c a l  c o n d i t i o n  mentioned above. 

The l a c k  of a d e f i n i t e  p ropaga t ion  d i r e c t i o n  a s s o c i a t e d  

w i t h  t h e  n=2 r e sonance  i n d i c a t e s  t h a t  s e v e r a l  wave modes 

may be i n v o l v e d  - as h a s  been sugges ted  e a r l i e r .  

> 

-L 
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5 .  Wake e f fec ts .  The p o s i t i v e  f r e q u e n c y  o f f s e t  o b s e r v e d  between 

the 7 f H  and 8fH r e s o n a n c e s  i n  t h e  l o w - l a t i t u d e  r e g i o n  (AGA-SNT 

da ta  o f  F i g .  4a) i s  a t t r i b u t e d  t o  t h e  r e c e i v i n g  a n t e n n a  e lement  

be ing  immersed i n  t h e  wake o f  t h e  s a t e l l i t e .  The r e s u l t s  f rom 

p r e v i o u s  work i n d i c a t e  t h a t  t h e  r e s o n a n c e s  a t  t h e  h i g h e r  ha rmon ics  

of fH are o n l y  obse rved  when t h e  r e c e i v i n g  a n t e n n a  i s  a p p r o x i -  

ma te ly  p a r a l l e l  t o  B.  The f r e q u e n c y  of o c c u r r e n c e  of t h e s e  
A 

r e s o n a n c e s  i n c r e a s e s  as  t h e  s a t e l l i t e  motion becomes more n e a r l y  

p a r a l l e l  t o  B (AGA-SNT and QUI d a t a  of  F ig .  9 )  which i m p l i e s  

t h a t  a p o r t i o n  of t h e  r e c e i v i n g  a n t e n n a  i s  i n  t h e  s a t e l l i t e  wake 

J 

r e g i o n .  The r e s t r i c t e d  t i m e  d u r a t i o n s  a s s o c i a t e d  w i t h  t h e s e  

r e s o n a n c e s  ( F i g .  10) s u g g e s t s  t h a t  r e s o n a n t  r a d i a t i o n  i s  r e c e i v e d  

on on ly  one  d i p o l e  e l emen t , and  t h e  d i r e c t i o n  of t h e  f r e q u e n c y  

o f f s e t  s u g g e s t s  t h a t  t h i s  e lement  i s  i n  t h e  r a r e f i e d  wake r e g i o n .  

Sirice t h i s  r e g i o n  i s  o n e  of  s t e e p  e l e c t r o n  d e n s i t y  and e l e c t r i c  

f i e l d  g r a d i e n t s  i t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  t h a t  such  c o n d i t i o n s  

are n e c e s s a r y  i n  o r d e r  t o  e x c i t e  t h e s e  r e s o n a n c e s  a t  t h e  h i g h e r  

harmonic s of f H.  

6 .  N a t u r a l  s p e c t r a l  w i d t h  of n f H  r e s o n a n c e s .  The anomalous re-  

sorlant p u l s e s  o f  s h o r t  d u r a t i o n  w i t h i n  a g i v e n  r e s o n a n t  ser ies  

of p u l s e s  ( F i g u r e  13a) and t h e  large scat ter  o b s e r v e d  on t h e  

normal ized  s p e c t r a l  r e s p o n s e  c u r v e s  ( F i g u r e s  13 b - i )  i n d i c a t e s  

t h a t  t h e  n a t u r a l  r e s o n a n t  f r e q u e n c y  o c c a s i o n a l l y  f a l l s  p a r t l y  

w i t h i n  a n u l l  i n  t h e  f r e q u e n c y  spec t rum of  t h e  t r a n s m i t t e d  

sounder  p u l s e ,  which i m p l i e s  a n a t u r a l  r e s o n a n t  w i d t h  of  less 

t h a n  10 k c / s  f o r  t h e  n fH  r e s o n a n c e s .  
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7.  Energy r e q u i r e m e n t s  f o r  r e sonance  e x c i t a t i o n .  The wide f r e -  

quency r a n g e  o v e r  which r e s o n a n t  r a d i a t i o n  i s  r e c e i v e d  f o r  a 

g i v e n  plasma r e s o n a n c e  ( F i g u r e  13) i n d i c a t e s  t h a t  l o w  ene rgy  

F o u r i e r  components o f  t h e  f r equency  spec t rum of  t h e  t r a n s m i t t e d  

p u l s e  are  e f f e c t i v e  i n  e x c i t i n g  t h e  plasma o s c i l l a t i o n s .  

t r a n s m i t t e d  e n e r g y  of  less than  0 . 2  w i s  s u f f i c i e n t  t o  i n i t i -  

a t e  t h e  plasma r e s o n a n c e s  observed  a t  f N ,  f T ,  and  nfH w i t h  n 

v a l u e s  u p  t o  5 ;  s l i g h t l y  more e n e r g y  may be  r e q u i r e d  f o r  t h e  

h i g h e r  n v a l u e s .  

A 

8. C y c l o t r o n  r e s o n a n c e  magnetometer. The obse rved  d e p a r t u r e  of  

t h e  nfH p lasma r e s o n a n c e s  from a t r u e  harmonic r e l a t i o n  com- 

p l i c a t e s  t h e i r  a p p l i c a t i o n  toward d e t e r m i n a t i o n s  o f  t h e  t o t a l  

scalar magnet ic  f i e l d .  The obse rved  v a r i a t i o n  of r e s o n a n t  

f r e q u e n c y  as a f u n c t i o n  o f  t he  e l e c t r o n  d e n s i t y ,  which i s  

g r e a t e s t  f o r  t h e  r e s o n a n c e s  near 2 f ~  and 3fH,  a l s o  must be con-  

s i d e r e d .  A compar ison  of t h e  o b s e r v a t i o n s  w i t h  a c a l c u l a t e d  

r e f e r e n c e  f i e l d . a n d  w i t h  t h e o r e t i c a l  p r e d i c t i o n s . i n d i c a t e s  t h a t  

when f T  < 3fH t h e  3fH resonance  g i v e s  t h e  b e s t  v a l u e  of  t h e  

magnet ic  f i e l d ,  whereas  when f T  > 3 f H  t h i s  r e s o n a n c e s  g i v e s  

a v a l u e  t h a t  i s  h i g h e r  t h a n  t h e  t r u e  f i e l d .  Such compar i sons  

are v e r y  s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  a b s o l u t e  l e v e l  o f  

t h e  r e f e r e n c e  f i e l d ,  however, and a combina t ion -p la sma  r e s o n -  

a n c e  and magnetometer - exper iment  may be  r e q u i r e d  t o  d e t e r m i n e  

which r e s o n a n c e s  e x p e r i e n c e  n e g l i g a b l e  f r e q u e n c y  s h i f t s .  The 

magnet ic  f i e l d  d e t e r m i n a t i o n s  b a s e d  on t h e  A l o u e t t e  I c y c l o t r o n  
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harmonic r e s o n a n c e  f r e q u e n c i e s  are a c c u r a t e  t o  a p p r o x i m a t e l y  

1% when t h e  c o n v e n t i o n a l  ionogram d a t a  f o r m a t  i s  used .  When 

t h e  d a t a  i s  s c a l e d  i n  t h e  r e c e i v e r - o u t p u t  a m p l i t u d e  vs .  t i m e  

f o r m a t  t h e  u n c e r t a i n t y  i s  less t h a n  0.5% which i s  of t h e  

order  of  t h e  u n c e r t a i n t y  i n t r o d u c e d  by  t h e  o b s e r v e d  f r e q u e n c y  

s h i f t s  w i t h  harmonic number and  e l e c t r o n  d e n s i t y .  

9. -- E l e c t r o n  d e n s i t y  r e s o n a n c e  p robe .  The c o n s i s t e n c y  of  t h e  

e l e c t r o n  plasma r e s o n a n t  f r e q u e n c y  f N  w i t h  t h e  o t h e r  r e s o n a n t  

f r e q u e n c i e s  i m p l i e s  t h a t  t h e  fN r e s o n a n c e  i s  n o t  res t r ic ted 

t o  t h e  a n t e n n a  s h e a t h  r e g i o n  and t h a t  re l iab le  ambient  e l e c t r o n  

d e n s i t i e s  c a n  be de t e rmined  t o  a n  a c c u r a c y  o f  a p p r o x i m a t e l y  

2% from a g i v e n  A l o u e t t e  I r e c o r d .  



Appendix 

. The i t h  ionogram, from a g i v e n  r e g i o n ,  p r o v i d e s  t h e  d a t a  t o  cal-  

c u l a t e  t h e  q u a n t i t y  ( B R - B c ) ~  f o r  each r e s o n a n c e  a p p e a r i n g  on t h a t  

ionogram. A we igh ted  a v e r a g e  of t h e  d a t a  f rom a l l  ionograms c o n t a i n i n g  

a g i v e n  r e s o n a n c e  w a s  c a l c u l a t e d  from t h e  f o l l o w i n g  e x p r e s s i o n :  

w i t h  the c o r r e s p o n d i n g  error l i m i t s  de t e rmined  from t h e  e x p r e s s i o n  

A ( ( B ~ - B ~ ) )  = - 

i = 1, 2 ,  ....... # of  o b s e r v a t i o n s  

where t h e  we igh t  wi f o r  each  measurement i s  g i v e n  by 

and  A C B R - B C I i  i s  t h e  e s t i m a t e d  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  i t h  

o b s e r v a t i o n  (Brownlee ,  1965) .  I n  t h e  l i m i t i n g  case where t h e r e  are N 

o b s e r v a t i o n s ,  each w i t h  t h e  same uncerizainry nA, L i l t :  e x p ~ e b b i u ~ ~  L U L  C L L C  

e r ro r  r e d u c e s  t o  t h e  more familiar form o f  A X / N % .  

. ,  

The main u n c e r t a i n t y  i n  each  ~ ( B R - B c ) ~  v a l u e  o r i g i n a t e s  i n  

e s t i m a t i n g  t h e  error ( A B R ) ~  a s s o c i a t e d  w i t h  e a c h  r e s o n a n t  c e n t e r  

f r e q u e n c y  measurement. From (1) t h i s  error i s  g i v e n  by 



- L -  

where Afn i s  t h e  e s t i m a t e d  e r r o r  i n  d e t e r m i n i n g  t h e  c e n t e r  f r e q u e n c y  of 

t h e  c y c l o t r o n  harmonic r e sonance  obse rved  a t  f n .  The o r i g i n a l  estimate 

f o r  Afn was between 8 and 9 k c / s  f o r  most of t h e  r e s o n a n c e s ,  which i s  

approximate ly  S of t h e  f r equency  s e p a r a t i o n  of t h e  i n d i v i d u a l  p u l s e s  

( 1 4  t o  20 k c / s ) .  T h i s  e s t i m a t e ,  however,  produced e r r o r  b a r s  t h a t  were 

much l a r g e r  t han  would be expec ted  based  on t h e  c o n s i s t e n c y  of t h e  

f i n a l  results of t h e  AGA-SNT d a t a  p r e s e n t e d  i n  F i g u r e  4a.  

v a l u e s  of A B ,  f o r  each  r e sonance  were t h e n  compared w i t h  t h e  s t a n d a r d  

d e v i a t i o n 0  about  t h e  mean f o r  each r e sonance  (unweighted  v a l u e s  used )  

The ave rage  

and were found t o  be l a r g e r  t h a n 0  r a t h e r  t han  f o l l o w i n g  t h e  expec ted  

o r  d i s t r i b u t i o n ,  namely, r e l a t i o n s h i p  f o r  a normal e r  

< ABR> = 

(Chapman and B a r t e l s ,  1962) .  

798 CT 

An ave rage  v a l u e  of approx ima te ly  4 k c / s  

f o r  Df s a t i s f i e d  t h e  above r e l a t i o n s h i p  and w a s  used t o  deduce t h e  e s t i -  

mated e r r o r s  a s s o c i a t e d  wi th  t h e  v a l u e s  p l o t t e d  i n  F i g u r e  4 .  

c o r r e c t i o n  w a s  accomplished by r e p l a c i n g  t h e  o r i g i n a l  ( B R - B c ) ~  e r r o r  

e st imated  by 

T h i s  

where <ABR> i s  t h e  ave rage  v a l u e  of t h e  o r i g i n a l  e s t i m a t e  of e r r o r  f o r  

t h e  resonance  i n  q u e s t i o n .  
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T a b l e  1. No ta t ion  

I . *  

I .  

NOTATION DESCRIPTION 

f X 

f z 

f n 

N 

B 
2 

BR 

BC 

f ma, 

T 

T ~ = 6 . 3  msec 

T ~ = 3 . 1 5  msec 
4 

v, 
a 

vg 

E l e c t r o n  plasma r e s o n a n t  f r e q u e n c y  

E l e c t r o n  c y c l o t r o n  r e s o n a n t  f r e q u e n c y  

Upper h y b r i d  r e s o n a n t  f r e q u e n c y  

E x i t  f r e q u e n c y  of t h e  e x t r a o r d i n a r y  trace 

E x i t  f r e q u e n c y  of t h e  Z trace 

Observed f r equency  of t h e  plasma re sonance  n e a r  n f H  

E l e c t r o n  dens'i t y  

T o t a l  i n t e n s i t y  of t h e  e a r t h ' s  magnet ic  f i e l d  

Magnet ic  f i e l d  deduced from f n  

C a l c u l a t e d  r e f e r e n c e  f i e l d  

Cr i t ica l  f r equency  of t h e  F l a y e r  

T r a v e l  t i m e  c o r r e s p o n d i n g  t o  a s a t e l l i t e  mot ion  

e q u i v a l e n t  t o  t h e  t i p - t o - t i p  a n t e n n a  l e n g t h  

Value of  T f o r  t h e  long  a n t e n n a  (46m) 

Value of T f o r  t h e  sho :t a n t e n n a  (23m) 

SntellitP velncity ( ! v ~ !  = 7.3 h / s e c )  

Group v e l o c i t y  of p lasma wave 

* 



T a b l e  2 .  Loca t ions  of r e g i o n s  (see F i g .  2) of  A l o u e t t e  I p lasma 

re sonance  i n v e s t i g a t i o n s  . 

GEOGRAPHIC COORDINATES DIPOLE I NC L I N  AT I ON 
REGION STATION* LAT. RANGE LONG. RANGE LAT. RANGE RANGE** 

1 BPO 37 .8  2 1 .2  -78 .0  - + 1.5 49.2 - + 1.1 69.0  - + 1.0 

-16.5 + 2 .5  2 AGA-SNT -23 .5  2 1.7 -65.4 - + 2.6 -12 .0  - + 1.6 - 
3 GFO 57.0 2 1.3 -98.4 2 3.8 66 .4  - + 0 . 7  80 .5  - + 1.0 

4 RES 80 .2  - + 0 . 3  -97 .8  - +16.7 84 .5  - + 2 . 8  89 .4  - + 0.5 

5 Q U I  -10 .7  - + 1.5  -88.1 5 1.5 0 .2  - + 1.6 0 . 5  5 2.7 

*BPO: Blossom P o i n t ,  Maryland; AGA: A n t o f a g a s t a ,  C h i l e ;  SNT: S a n t i a g o ,  

C h i l e ;  GFO: E a s t  Grand F o r k s ,  Minnesota;  RES: R e s o l u t e  Bay, N . W . T . ;  

Q'JI: Q u i t o ,  Ecuador .  

**Range of  t h e  magnet ic  i n c l i n a t i o n  a t  1000 km as c a l c u l a t e d  from t h e  

GSFC(9/65) r e f e r e n c e  f i e l d  (Hendr i cks  and C a i n ,  1966) .  



T a b l e  3. Average v a l u e s  of  f H  and {f,,, - (nfH)max] 

BPO 0.973 

AGA-SNT 0.479 

GFO 1.072 

RES 1 ,057  

Q U I  0.536 

1.3 TH 



Tab le  4.  p o s s i b l e  o v e r l a p  of f N  a n d / o r  f T  r e s o n a n c e s  w i t h  n f H  

r e s o n a n c e s  

S t a t i o n  f H 2 f H  3 f H  4 f H  
~ 

BPO f N  f T  

AGA- SNT f N  

GFO f N  ti f T  

RES f N  ' f T  

f N  & f T  Q U I  

f N  sc f T  

f N  & f T  

f T  

f T 



F i g u r e  Cap t ions  

1. Data f o r m a t s  from a BPO r eco rd  ( s a t e l l i t e  p a s s  2354) .  

r e s o n a n c e s  a p p e a r  as s ta lact i tes  on t h e  ionogram fo rma t  ( t o p )  - 
t h e  heavy v e r t i c a l  l i n e s  a r e  f r e q u e n c y  markers  which depend on 

t i m e  (sweep f r equency  sounder)  , and t h e  h o r i z o n t a l  l i n e s  are t i m e  

marke r s  ( e a c h  marker r e p r e s e n t s  213 msec d e l a y  t i m e ) .  The r e s o n -  

ances are each  composed of a s e r i e s  o f  r e s p o n s e s ,  which a p p e a r  as 

' z e r o  t i m e - d e l a y  e c h o s '  f o l l o w i n g  t h e  i n d i v i d u a l  sounder  p u l s e s ,  

i n  t h e  r e c e i v e r - o u t p u t  ampl i tude  v s .  t i m e  f o r m a t  (be low) .  The 

16 msec s e p a r a t i o n  between p u l s e s  ( o f f  s c a l e  i n  t h e  ionogram f o r -  

m a t )  i s  i n d i c a t e d  f o r  t h e  f N  re sonance .  See a l s o  F i g u r e s  1 4 ,  

15,  and 16 ;  see Tab le  1 f o r  n o t a t i o n .  

The plasma 

2 .  Loca t ion  of d a t a  r e g i o n s  ( s e e  Tab le  2 )  and t o t a l  i n t e n s i t y  of t h e  

e a r t h ' s  magnet ic  f i e l d  at 1000 km ( c o u r t e s y  J. C .  C a i n ) .  

3 .  Frequency marks vs.  time on Aloue t t e  I (BPO p a s s  1309, 03 :47  UT). 

4 .  D i f f e r e n c e  f i e l d  v s .  harmonic number (see Tab le  1 f o r  n o t a t i o n ) .  

Each p o i n t  r e p r e s e n t s  a weighted a v e r a g e  o v e r  t h e  i n d i c a t e d  number 

of o b s e r v a t i o n s .  ' A l l  d a t a  from t h e  t h r e e  main d a t a  r e g i o n s  are 

p r e s e n t e d  i n  (a)  and r e s t r i c t e d  d a t a  g roups  from two of t h e s e  

r e g i o n s  are p r e s e n t e d  i n  ( b ) .  The low N group c o r r e s p o n d s  t o  

f N <  1.15 Mc/s ( f T  < 1.24 Mc/s) i n  t h e  AGA-SNT d a t a  ( l o w - l a t i t u d e )  

and t o  f N  < 0.44  Mc/s ( f T  < 1.16 Mc/s) i n  t h e  GFO d a t a  ( h i g h - l a t i t u d e ) ;  

t h e  h i g h  N group c o r r e s p o n d s  t o  fN > 1.37 Mc/s ( f T  > 1.45 Mc/s) 

i n  t h e  AGA-SNT d a t a  and t o  f N  > 0 .73  Mc/s ( f T  > 1.29 Mc/s) i n  

t h e  GFO d a t a  (see F i g u r e  7 ) .  
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5. 

6 .  

7 .  

8. 

9. 

10. 

11. 

12. 

D i f f e r e n c e  f i e l d  v s .  harmonic number f o r  var ious  f r equency-mark  

c o r r e c t i o n  terms. 

Data d i s t r i b u t i o n  i n  local t i m e  f o r  e a c h  of  t h e  t h r e e  main data 

r e g i o n s .  

V a r i a t i o n  of t h e  e l e c t r o n  plasma f r e q u e n c y  f N  and t h e  u p p e r - h y b r i d  

f r e q u e n c y  f T  w i t h  local  t i m e .  

be  o b t a i n e d  from t h e  e x p r e s s i o n  N = ( 10 6 2  I f  /81. [ C a l c u l a t e d  v a l u e s  

i n d i c a t e  t h a t  t h e  obse rved  r e s o n a n t  f r e q u e n c y  w a s  e i t h e r  beyond 

The e l e c t r o n  d e n s i t y  N (cm-3) c a n  

N 

t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  sounder  o r  was q u e s t i o n a b l e  due  t o  

t h e  o v e r l a p p i n g  of  a n e i g h b o r i n g  r e s o n a n c e  (see T a b l e  4 ) .  These  

v a l u e s  were based  on t h e  o t h e r  r e s o n a n t  f r e q u e n c i e s  o b s e r v e d  on  

t h e  same reco rd . ]  

R e l a t i v e  p o s i t i o n s  of t h e  obse rved  r a n g e  of  t h e  n f H  r e s o n a n t  f r e -  

q u e n c i e s  w i t h  r e s p e c t  t o  t h e  obse rved  r a n g e  of  t h e  uppe r -hybr id  

r e s o n a n t  f r e q u e n c y .  

Frequency of  o c c u r r e n c e  of t h e  n f H  r e s o n a n c e s  i n  each  r e g i o n  ( t o t a l  

number of ionograms: BPO, 13; AGA-SNT, 4 6 ;  GFO, 40; RES, 4 7 ;  

Q U I ,  30). 

Average and maximum t i m e  d u r a t i o n s  of t h e  nfH r e s o n a n c e s  o b s e r v e d  

i n  each  r e g i o n .  The f r e q u e n c y  domain of t h e  s h o r t  a n t e n n a  i s  i n -  

d i c a t e d  by  SA; t h e  p a r a m e t e r s  T 

Maximum obse rved  r e s o n a n t  t i m e  d u r a t i o n  vs. c o s  @ where @ i s  t h e  

a n g l e  between t h e  s a t e l l i t e  v e l o c i t y  vector Vs and t h e  e a r t h ' s  

magnet ic  f i e l d  vector B. 

and Ts are d e f i n e d  i n  Tab le  1. L 

-L 

4 

Time d u r a t i o n  of & r e s o n a n c e  VS. f N / f H .  
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13. Normalized s p e c t r a l  r e sponse  cu rves .  The ver t ica l  scales are l i n e a r  

f rom z e r o  up t o  t h e  peak d u r a t i o n  i n  each  case. The p o i n t s  o u t s i d e  

t h e  5 100 k c / s  i n t e r v a l s  i n  F i g u r e s  13c and e are a t t r i b u t e d  t o  an 

o v e r l a p p i n g  c o n d i t i o n  between two r e s o n a n c e s  (see Tab le  4 ) .  

14. An example of r e sonance  s p l i t t i n g  from AGA p a s s  1179 (15:56:50.34 UT). 

15. Decaying s i g n a l  a t  f, ( en la rgemen t  of amp-time r e c o r d  o f  F i g u r e  1). 

The lower trace i s  a 1 k c / s  time code si-gnal.  

16. Examples of  t h e  p e r i o d i c  ampli tude f l u c t u a t i o n s  o c c a s i o n a l l y  ob- 

s e r v e d  d u r i n g  t h e  decay of t h e  fN and f T  r e sonances .  

r e sonance  ( f n  =1.33 - + .01 Mc/s) from SNT p a s s  4768 (16:49:06:35 UT). 

Middle:  fT r e sonance  ( f T  = 1.37 - + . 0 2  &/SI from GFO p a s s  5300 

(15:06:11.77 UT). Bottom: 1 k c / s  time code  s i g n a l .  

Top: f N  

17. D i s p e r s i o n  c u r v e s  i n  t h e  e l e c t r o s t a t i c  approx ima t ion ;  kL i s  t h e  

wave number i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  B and R i s  t h e  e l e c t r o n  
2 

c y c l o t r o n  r a d i u s  ( a d a p t e d  from Crawford,  1965) .  

18. Frequency s h i f t  of  t h e  n f H  re sonances  r e l a t i v e  t o  n=4 ( a f t e r  c o r -  

r e c c i n g  f o r  c n e  p o s i c i v e  F r e q u e n c y  u i L s e i  UL Lilt? i i i g i i e L  ilaiiiivL1ic.a 

- see t h e  AGA-SNT d a t a  of  F i g u r e  4 ) .  
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